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SUMMARY
Composites manufactured for applications in the automotive industry were non-destructively 
tested to determine damage using the following techniques:
(1) Low frequency tapping.
(2) High frequency (C-Scan).
(3) Visual imaging.
(4) Low and high temperature pulse video thermography.
Various levels of impact energy were applied to the following types of composites
(I) RIM: Reaction injection moulded.
(II) Woven Glass.
(III) GMT: Glass mat thermoplastic.
Some interesting results were obtained which could be explained through analytical and 
numerical modelling. These results were analyzed through developments of the following 
algorithms:
(a) A novel approach to damage detection using wavelength variation and sequence grouping 
software.
(b) Correlation of the various NDT techniques through one mathematical equation and 
software.
(c) The introduction of the uniformity factor concept and software to account for variations 
among samples quality in relation to experimental results.
(d) The development of smart classification system together with standard neural network 
algorithms for prediction and classification.
The objectives of this research were all achieved.
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CHAPTER 1 
INTRODUCTION.
C om posites are  increasing ly  being used as s tru c tu ra l m aterials. One o f the  
m ajo r ad v an tag es of com posite m ateria ls  is th e ir  ab ility  to be ta ilo red  to m eet 
c e r ta in  applications. Thus, a  p a rticu la r type of fibre a n d  m atrix  can be used  to 
p roduce  com ponents acqu iring  different lay-ups, th icknesses and volum e 
frac tio n s. This im plies th a t  a  defect which is considered to be critical in  one 
com ponen t m igh t be to tally  acceptable in another. Hence, se ttin g  q u a lity  
contro l an d  inspection  s tan d a rd s  is a very complex ta sk , and is no t m ade any  
s im p le r  or economical due to  the  d ifferent NDT techniques, each of w hich is 
capab le  of detecting  certa in  defects. Together w ith  em ploying s ta n d a rd  b u t 
v a ria b le  in te rp re ta tio n  m ethods, efforts have been d irected  tow ard balancing  
th e  co s t and  com plexity of an  inspection technique ag a in st th e  quality  of 
in fo rm atio n  obtained and th e  flexibility of the  techn ique in detecting  various 
types o f  defects.
In th e  autom otive in d u stry  th ere  is a need to m anufactu re  w ith  la rg e r 
p ro d u c tio n  ra te  b u t tig h te r q u a lity  control w hich req u ires  inspection techniques 
w ith  h ig h e r  speed and  b e tte r  resolution  w ith  m ore intelligence an d  accuracy 
com pared  to the c u rren t conventional ones. This work w ill be looking a t p ast, 
p re se n t a n d  fu tu re  approaches to NDT.
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CHAPTER 2 
OBJECTIVES.
As a  solution to th e  problem s associated  w ith  NDT and  its  application  in  the 
autom otive in d u s try , there  is a need to estab lish  an  in telligen t analysis system  
coupled to a p o rtab le  detection env ironm ent th a t  unifies all d ifferen t types of 
in p u ts  and  au tom atica lly  considers various fibre/m atrix  com binations w hich 
leads to e lim ina tion  of any am biguity  regard ing  defect severity  and  its  effect on 
th e  com ponent u n d e r  consideration. T his suggests the  use of an  im aging 
system .
We propose th a t  conversion of various d a ta  s tru c tu re s  an d  im ages in 
conjunction w ith  smart classification (a specially devised finger p rin tin g  
algorithm  based  on  p a tte rn  recognition techniques) and  neural networks 
(para lle l, h ighly  in terconnected  system s m ade of m any indivisible processing 
u n its  in te rac tin g  w ith  each o ther v ia  adaptive w eights) to g e th er w ith  
wavelength variations (incorporation of different energy sources to uncover 
th e  presence of dam age) to be a prom ising system  for non-destructive testing . 
F igu re  1.1 shows su ch  a system . T his au tom ated  im age cap tu rin g  system  
possess the  following m ain ch aracteristics:
(1) The ab ility  to ex trac t im p o rtan t inform ation from a background of 
irre le v a n t details.
(2) The capacity  to lea rn  from  p ast experience and  apply its  
know ledge to new  d ifferent s ituations.
(3) C apab le  of co rrelating  from d istorted  and  lost d a ta  files.
Chapter 2. OBJECTIVES. Page 3.
I .it s.'mediale-level processing
Representation
Segmentation and
description
r i i J k W - d z
i
i
i
,  . u uPreprocessing r '— ! i 1 
|
1
._ i
1
1
i
problem f t
* I 
Knowledge base
i ! »
Recognition
and
interpretation
domain
Image |/1— f \  
acquisition |\ j— ! ! 1 1
Result
I--------------------------
Low-level processing
-------------------- 1
High-level processing
Figure 2.1: An intelligent image capturing, processing and 
recognition system [214].
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CHAPTER 3 
COMPOSITES
Com posite m a te r ia ls  h av e  developed rapidly  over the last few y ea rs  an d  it is 
assum ed now t h a t  they a re  used  in  a lm ost every industria l sector. T h e  science 
and  technology o f com posite m a te ria ls  are  based on a design concept w hich is 
principally  d iffe ren t from  th a t  of conventional m ateria ls  [1],[2],[3]. In the 
process of d esign ing  such m ateria ls , we need to estab lish  perform ance objectives 
for m ateria ls  selection , s tru c tu ra l configuration and  fabrication rou te .
W ith fibre com posites, the re la tionsh ip  betw een m icro -s tru c tu re  and 
macroscopic a r ra n g e m e n t and  th e ir  dependence on processing tech n iq u es  are 
m uch stronger th a n  conventional m ateria ls . Thus, composites technology offers 
the poten tia l to design  m a te ria ls  for p a rticu la r uses a t different scale levels.
F irstly , a t  the m icroscopic level, the  in te rn a l s tru c tu re  of a com ponent can  be 
controlled th ro u g h  processing. Some exam ples are:-
(1) M oulding o f  short-fibre com posites, w here fibre orientation , le n g th  and 
d is trib u tio n  m ay be controlled to yield the desired local p ro perties.
(2) F ilam ent w ind ing  o f  continuous fibres.
(3) H ybrid iza tion  of fibres and tex tile  s tru c tu ra l p a tte rn s  based on w eaving, 
braiding, k n itt in g  etc. (Figure 3.1).
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F igure 3.1 H ybridization of com posites [5],
In all the above cases, the  requ ired  local stiffness, s treng th , toughness and 
o th e r pre-specified properties can  be obtained by controlling the fibre type, 
o rien ta tion  and  volume fraction  th roughou t th e  s tru c tu ra l com ponent.
Secondly, the  ex ternal geom etrical shape of a s tru c tu ra l com ponent can  also be 
designed, for example:-
(1) Advances in  the technology of filam ent w inding enable the au tom ated  
production of com ponents w ith  complex contours.
(2) The ability  to fabricate th ree-d im ensional fibre using advanced textile 
technology.
(3) The capability  of p roducing  longer and  more in teg ra ted  s tru c tu ra l
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com ponents of ne t shape is enhanced even more.
The in teg ra ted  and  system  approach, rang ing  from m icrostructu re  to com ponent 
net, offers alm ost un lim ited  opportunity  in composites processing an d  
m anufactu ring  as discussed by various researchers [4-8],
As a re su lt, the  concept of ta ilo ring  m ateria ls  a t a fundam en ta l level to m eet 
specific design criterion  has been a topic of in te rest to m any E n g in eers  and  only 
recently  it  has been fully incorporated  in  the overall design (F ig u re  3.2).
Fibre reinforced com posites provide alternatives often only lim ited  by the 
designers im agination . They rep resen t excellent examples of th e  principles of 
m ateria l design w here the perform ance of the whole is g reater th a n  the sum  of 
its  p a rts  [9] & [10]. F ibres, light-w eight, very strong and s t i f f  but easily 
dam aged w ith lim ited engineering application, and the m atrix , com paratively  
weak and often brittle and usually not attractive for structural load-bearing applications.
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T ogether, however, th e y  provide a w ide range of m ateria ls and  chance for 
op tim ization  which is n o t m echanical properties exclusive bu t extends to 
th e rm al, acoustic, electrom agnetic, creep and fatigue characteristics.
From  the  above, it  is expected  th a t  the  n um ber of m ateria l configurations will 
constan tly  increase th ro u g h  the use of hybrids an d  other innovative m ateria l 
constructive forms [11]. H ence, we m u st choose th e  p a th  of u n d ers tan d in g  the 
properties of the basic m a te ria l w hich w ill requ ire  new tes t and  inspection 
procedures (Figure 3.3).
F igure  3.3: Process em ployed in the design of com posites [6],
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CHAPTER 4
DAMAGE IN COMPOSITES
4.1 Introduction.
W hen ev a lu a tin g  the  con tribu tion  of defects to the  failure process it  is 
im p o rtan t to d istingu ish  betw een two classes of defects:
(a) Defects th a t  act on a  microscopic level,
(b) C ritical defects in a practical or m ulti-d im ensional com ponent.
For (a) th e ir  role can be regarded  as su b stan tia l from the point of view of 
q u a lity  control based  on experim en ts bu t w ith  l i ttle  or no relevance to th e  
s ta n d a rd s  se t for practical com ponents. These a im  to combine th e  fibre and  
re s in  into a well consolidated product. The fibre an d  resin  m ay sep ara te  before 
m an u fac tu re  or, m ore usually , they  m ay already  be com bined in  th e  form of a 
p re-p reg  m ateria l.
T he types of defects in troduced can be classified as follows:
(1) Manufacturing Defects.
Com posite m ateria ls  can be m anufactu red  by a  num ber of techniques as  
m entioned in  the previous chapter. The m anufac tu ring  technique 
selected depends p a rtly  upon the size and  quality  of th e  requ ired  
composite. D uring these  m anufactu ring  processes, defects can  be 
in troduced into the m ateria l, a lthough the  size and  frequency of
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occurrences of each type depends upon the pa rticu la r process cycle. A
n u m b er of defect types have been  identified including:-
(a) Incom pletely  cured m atrix  d u e  to incorrect curing  cycle o r fau lty  
m a te ria l.
(b) Inco rrec t fibre volum e frac tion  due to excess or insufficien t resin .
(c) V oids due to volatile re s in  com ponents or im proper control of a ir 
d u rin g  cure.
(d) E x istence of foreign bodies.
(e) F ib re  m isalignm ent. T h is causes local changes in volum e frac tion  
by  p reven ting  ideal pack ing  of fibres.
(f) P ly  m isalignm ent. This is produced as a consequence of m is tak es  
m ad e  in lay-up of the  com ponent plies.
(g) W avy fibres. These are  produced by in-plane k ink ing  of th e  fibres 
in  a  ply and  can seriously affect lam ina te  streng th .
(h) P ly  cracking. T herm ally  induced  cracks occur w ith certa in  p ly  lay­
u p s  due to differential con trac tion  of th e  plies a fte r  cure.
(i) D elam inations. These a re  p la n a r  defects usually  a t  ply bou n d aries  
a n d  fairly  ra re  during  th e  m an u fac tu re  of the  basic m a te r ia l bu t 
m a y  be produced by co n tam ina tion  d u rin g  lay-up or by m achin ing .
(j) F ib re  defects. The presence o f defects in  the fibres them selves is 
one of the u ltim ate  lim iting  factors in determ in ing  s tren g th , w here  
som etim es fau lty  fibres can  be identified as the sites from w hich 
dam ag e  grow th has been in itia ted . These defects a re  p re se n t in
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fibres supplied, are  alw ays likely to be considered as one of the 
basic m ateria l p roperties.
(k) Bonding defects. D u rin g  m anufacture com ponents m ay be bonded 
together and  it  is possib le for defects to occur in  the bondline due 
to incorrect cure conditions for the  adhesive o r  contam ination  of 
th e  surfaces to be bonded.
(2) In-Service Defects.
Com posites can be degraded in  service by a num ber o f m echanism s and 
those of prim e im portance w ill depend upon the environm ent experienced 
and  th e  sensitiv ity  of the p a rticu la r  m ateria ls  used. The m echanism s 
and  degradation  include s ta tic  overload, im pact, fa tigue, hygro therm al 
effects, overheating, lig h tn in g  strike an d  creep. However, a lthough  the 
m echanism s by which defects a re  in itia ted  and grow a re  varied, only the 
following types of defects re su lt:
(a) F rac tu re  or buckling o f  fibres.
(b) F ailu re  of the  in terface betw een the  fibres an d  m atrix.
(c) Cracks.
(d) D elam inations.
(e) Bond failures.
(f) Ingress of m oisture.
I t  is obvious th a t  composites c a n  differ from the idea l e ith e r during  
m an u fac tu re  or in  service. The e x te n t to w hich any of th e se  deviations from
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ideal should be considered as defect is a  function of the in tended  u se  of the  
m a te r ia l and th e  significance of the  deviation on the  required  perform ance. All 
defect types are  know n to adversely  affect perform ance in  some w ay.
From  previous s tu d ies  [15-20], th e  following defects are  though t to be  of prim e 
im portance  in c u rre n t m ateria ls .
(a) Manufacturing Defects.
(i) Voids
(ii) Foreign bodies
(iii) Incorrect fibre volum e fraction
(iv) B onding defects
In p rac tice  the m ost im p o rtan t m anufac tu ring  defect and  likely to occur is the 
p resence of voids. Som e of the o ther defects occur very rare ly  or no t a t  all in 
iso lation . Thus th e  incorrect fibre volum e due to insufficient resin  w ill usually  
be accom panied by voids as well as incorrectly cured resin.
(b) In-Service Defects.
(i) D elam ination
(ii) Bonding defects
(iii) C racks
(iv) M oisture ingress
The m ajo r in-service defect to be found is the  presence of delam inations. These 
m ay be produced by fatigue, bearing  dam age, im pact etc.
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D ebonding can also be found bu t as yet no m ethod  is available to m easu re  
adhesive  streng th . I t  is n o t generally  expected  th a t cracks will need to be 
form ed since they will lead  to delam ination  g row th  before a critical stage is  
reached .
4.2 Impact Damage.
S tru c tu ra l dam age of com posites as a re su lt o f im pact is regarded  as one of th e  
m ost critica l aspects of functioning th a t  re s tr ic ts  w ider applications. In  
com posites, the  possibility o f p lastic deform ation is lim ited w hich can lead to a  
su b s ta n tia l am ount of dam age upon im pact, th e  influence of which on residual 
p ro p ertie s  is h a rd  to predict.
D uring  a n  im pact ce rta in  factors affect th e  outcom e of such an  operation,
nam ely,
(1) M a te ria l P roperties (2) B oundary Conditions
(3) F a ilu re  M echanism (4) Environm ental Factors
(5) Im posed C onstra in ts (6) Im pact M echanism
W hen a m a te ria l is im pacted, a  stress field is rea lized  on contact. A series of 
s tre ss  w aves is th en  p ropagated  through th e  m a te ria l which m ay or m ay not 
cause dam age.
D uring  th e  im pact a large num ber of dam age m echanism s m ay occur affecting 
the  com posite m ateria l in  d ifferent w ays th ro u g h  each dam age specific
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charac teris tics . D am ages include, sp litting , debonding, m atrix  cracking, fibre 
pu ll-ou t, fibre-breakage and  delam ination  [21] & [22].
The e x te n t to w hich a specific fa ilu re  m echanism  occurs depends on th e  
p ro p ertie s  of the fibre, m atrix  and  in te rp h ase  as well as th e  geom etric form an d  
a rra n g e m en t of th e  fibres, hence, efficiency. This efficiency in  load  tran sfe r 
be tw een  a fibre and  its su rro u n d in g  m atrix  depends on the  length  o f  the fibre 
re la tiv e  to  its  critical length. I f  th e  length  of the fibre is sh o rte r  th a n  th e  
critical length , th en  fibre pu ll-ou t and  m atrix  frac tu re  are the  dom inating  
m echan ism s of energy absorption a f te r  an  im pact. On th e  o ther h an d , w hen the  
fibre len g th  is longer th an  the  c ritica l one, th e  fibres w ill, in  some cases, b reak  
and  in  o th e rs  be pulled out. Both fib re  failure m echanism s are  influenced by 
th e  fibre location and  orien tation  w ith  respect to the crack.
I t h a s  b een  shown [23] th a t for a fib re  perfectly bonded to the m atrix , th e  sh ear 
s tre ss  concentration  paralle l to the  in terface is a m axim um  a t th e  en d  of th e  
fibre. I f  th e  sh ear s tren g th  of the in te rface  or th e  su rround ing  m a trix  m ateria l 
is exceeded, fracture  will occur a t o r close to th e  in terface.
The frac tu re  will s ta r t  a t the fibre e n d  and grow along th e  fibre as th e  stress 
on th e  system  increases. The m ain  processes which can  occur a t  th e  broken 
fibre are:-
(1) T he crack in the fibre p ro p ag a tes  into the  su rround ing  m atrix  a s  a brittle
crack.
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(2) A yield zone is sp read  along the  fibre as a re su lt of the  m a trix  being 
yielded.
(3) T he in terface  or th e  m a trix  im m ediately  adjacent to the fibre or the  fibre 
im m ed ia te ly  ad jacent to  the m atrix  failing in  sh ea r allowing th e  
un loaded  fibre to sh rin k  back in to  th e  m atrix  (sh ear yielding or sh e a r 
fa ilu re  does not necessarily  im ply th a t  the m a trix  is unable  to tra n s fe r  
load to th e  fibre).
Also th e  frictional forces a t  the  in terface lead  to a non-linear build-up in  s tre ss  
in  th e  fibre from th e  broken ends. The re la tive  im portance of these processes 
depends on the  p roperties of th e  fibres an d  the  resin.
The re la tiv e  am o u n ts  of in terface  failu re  and  the m agn itude  of the  frictional 
forces d e te rm in e  th e  overall appearance  of the  fracture  surface. For strong ly  
bonded carbon fibre-epoxy resin  system  w ith  sm all tensile  and  sh ea r values, 
there  is only a sm all am ount of debonding.
In  co n trast, the  frac tu re  surfaces of glass fibre-polyester re s in  w ith  h igh tensile  
and sh e a r  values undergo m assive debonding w ith  large am ounts of fibre p u ll­
out.
E xperim entally , i t  is found th a t  for fibres em bedded in  epoxy m atrices, th e  
s tress req u ired  to ex trac t th e  fibre does no t drop to zero a fte r debonding h as  
occurred because th e re  are  large frictional forces which re s is t the  sliding of th e
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fibre ou t of th e  re sin  sheath .
In  addition  the  reduction  in  the  s tre s s  on the fibre a t debonding resu lted  in  an 
increase  in  fibre d iam eter owing to th e  poisson expansion and  th is  leads to an 
increase  in  the  p ressu re  on the fibre surface [24]. The relative contribution  of 
th e  in terface bonding and  frictional forces to the  w ork required  to pull the fibre 
ou t of th e  m a trix  depends on a  la rg e  num ber of m ateria l p aram eters  w ith 
frictional forces m ak ing  a  m ajor con tribu tion  for a large pull-out distance. 
Before m ak ing  a n  estim ate  of th e  w ork  done in  fibre debonding and fibre pull 
ou t, reference m u st be m ade to the  s tre s s  d istribu tion  along the  fibre after 
debonding has occurred. This debonding will in itia te  a t th e  fibre ends and 
sp read  along the  fibre not forbidding th e  frictional forces from operating  and 
tra n sfe rr in g  s tre ss  to the  fibre. This s tre ss  w hich is required  to ex trac t the 
fibre increases as the  em bedded len g th  increases.
I t w as show n [25] & [26] th a t  pull ou t is far m ore significant th a n  debonding 
as an  energy absorber.H ow ever, debonding m u st occur before pull out. If  the 
sh e a r s tre ss  for debonding is large th e n  fibre frac tu re  occurs before extensive 
debonding and  th e  am ount of pull out, an d  hence energy absorbed is small.
F ibres are  the  dom inan t co n stitu en t w hen considering m ost property 
ch arac teris tics  an d  the sam e is tru e  w h en  assessing  im pact perform ance. For 
low velocity im pact [27] the  stored  energy  capability  of the  fibre is of key 
im portance. M ateria ls  such as a ram ids an d  glass w hich have large a reas  under
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th e ir  s tre ss /s tra in  curves, offer good perform ance. Com posites m ade from these 
m a te r ia ls  tend  to fail in  a progressive m an n e r th rough  delam ination . Carbon 
fibre system s, in  th e  o ther hand, c a n  be b rittle  and  fail suddenly  a t  the 
m ax im um  load.
In  calcu la ting  delam ination  and  its e x te n t, one would consider the  available 
s tra in  energy  per u n it a rea  a t  every p o in t of a  lam in a te  in terface. The region 
o f  h ig h es t energy is identified a n d  com pared to th a t  o f de lam ination  
(d e lam ina tion  can be viewed as a p la n e  crack propagating  in  th e  in terface 
be tw een  two ad jacent plies paralle l to  th e  applied tension  and  resu ltin g  from 
th e  in te rla m in a r stresses). I f  an  a rea  h a s  an  excess of energy, it  is considered 
to  be delam inated .
4.3 Impact Damage: A Closer Look.
Im p ac t is a  key issue in  the design o f  com posite s tru c tu re s  an d  m ay be the 
lim itin g  design issue in  m any cases. I t  is therefore essen tia l th a t  a complete 
u n d e rs ta n d in g  of the response of com posite s tru c tu res  to im pact be obtained. 
T h is  com prises two sep ara te  areas:
(1) D am age Resistance. W here it  is  re la ted  d irectly  to th e  im pact as it 
m easu res  the  dam age incurred  b y  a m ateria l or a  com posite s tru c tu re  
[28],
(2) D am age Tolerance. W here it h a s  only a secondary re la tionsh ip  to the 
im pac t event since it  is the  a m o u n t and  d istribu tion  of th e  dam age 
p re se n t th a t directly  determ ines th e  dam age tolerance, not th e  deta ils  of
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the  im pact event.
T h e  im pact even t is re la ted  to dam age to lerance th rough  the dam age resistance. 
U n d erstan d in g  and analyzing the dam age resistance of composite s tru c tu re s  is 
therefore im p o rtan t to  determ ine the dam age caused by a p a rtic u la r  im pact. 
T h is  dam age s ta te  can th en  be used to assess  the dam age to lerance and  thus 
th e  capability  of the s tru c tu re  to continue to m eet perform ance requ irem ents.
T h e  dam age th a t  occurs during an  im pact is a progressive phenom enon. As 
dam age occurs during  the  im pact even t, the p a ram ete rs  th a t  govern the 
response  m ay change. This can influence the  overall response. T his, in  tu rn , 
c a n  have an  effect on th e  total am ount of dam age incurred  during  th e  im pact 
ev en t. I t is therefore e ssen tia l to u n d e rs tan d  how im pact response p a ram e te rs  
change as dam age occurs.
T h is  generally  involves considering th e  global and  local responses of the 
m a te r ia l prom oted by th e  impactor. This w ill enable us to analyze th e  dynam ic 
s tru c tu ra l response and  indentation  in  th e  m ateria l caused th ro u g h  im pact 
dam age. This dam age w as generally found to  consist of sm all m atrix  cracks on
th e  back surface and in te rna l dam age, consisting of m atrix  cracks and 
d e lam ina tion , about th e  size of the im pactor.
H ence, a correlation  betw een the com posite stiffness and the  induced local
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s tre ss  a t  the po in t of im pact ex ists due to the difference in contact a rea  which 
re su lts  in  in d en ta tions of various levels in re la tion  to area  of coverage. This 
re su lts  in  the  local dam age no t hav ing  a noticeable effect on the  global s tru c tu re  
response  if  the a re a  of contact w hich is re la ted  to th e  im pact energy is below a 
ce rta in  level an d  hence the dam age size and depth  o f  defect penetration .
In  add itio n  low-speed im pact dam age can degrade th e  com pression s tren g th  of 
com posite s tru c tu re s  w ith tran sv erse  sh ea r deform ation  possible depending on 
th e  m a ss  ra tio  o f im pactor to sam ple u n d er te s t w hich affects th e  response tim e 
and  m agn itu d e  an d  phase of s tra in  response. This s tr a in  is found to be lower 
for clam ped specim ens com pared w ith  the u n su p p o rted  ones. H ence it is 
fo recasted  th a t  boundary  conditions significantly  affect s tra in  response of 
im pac ted  s truc tu res.
The app lication  of an  im pact can  re su lt in  a dynam ic s tre s s  system  w hich w hen 
es tab lish ed  can induce a dam age th a t  propagates a t  a  num ber of sites w ithin 
the  m a te r ia l th ickness. Com posites w ith  th e ir  low tran sv e rse  tensile  stren g th  
can be prone to th is  type of effect. In  the  case of ca rbon  composites w hich can 
be opaque the dam age m ay no t be ap p aren t w ith o u t the application of 
soph istica ted  inspection  m ethod.
It h as  been  repo rted  [29] th a t  upon im pact sh ea r fa ilu re  is found to be the 
d o m in an t mode of failure, followed by com pression w h ich  can tak e  the  form of 
local c ru sh in g  w ith  glass reinforced system s su p erio r to carbon reinforced
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m ateria ls.
C onventional fa ilu re  c rite ria  for composites do n o t address all o f the aspects of 
behaviour en co u n te red  in an  im pact. Both the d ifferen t types of failure mode 
and  the  dynam ics of the s itua tion  need to be accom m odated in  the analysis. 
Hence, any a n a ly s is  which is in tended to ev a lu a te  im pact perform ance m ust 
consider energy d iss ip a tio n  in  all failure processes. In addition , the residual 
s tren g th  w hich re p re se n t th e  load-carrying capab ility  a fte r a n  im pact event. 
Such a value is o fte n  used as a  m eans of quan tify ing  m ateria l behaviour.
M atrix  p ro p ertie s  are, w ithou t a doubt, a k ey  consideration  for im pact 
perform ance, as n o t  only do they  provide the m echanism  of load tran sfe r as 
m entioned before, b u t  if  dam aged during  the im p ac t the re su ltin g  cracks could 
allow ingress of m o is tu re  w hich could cause degradation . The properties of the 
in terface are  also im p o rtan t, bu t more difficult to  control given a preselected 
m atrix /fibre com bination . For w eak interfaces fa ilu re  is generally  th rough large 
a reas  of de lam in a tio n . L am inate  construction an d  o rien ta tion  can be an  
im p o rtan t factor in  th e  design for im pact perform ance. Sim ple unidirectional 
m a te ria ls  do no t perform  well, m ainly because o f  high s tre sse s  generated  
tran sv erse  to th e  fibre direction. Also the tendency  for de lam ination  is 
increased w here th e  disposition of individual plies leads to large d iscontinu ities 
in  stiffness. A dop ting  woven m ateria ls or th ree-d im ensional s titched  fabrics 
which ten d  to p ro m o te  increased through-th ickness tensile s tre n g th  can be a 
positive factor.
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For a  n u m b e r of applications, especially in  the  tran sp o rt in d u stry , th e  control 
of energy  absorption  u n d e r im pact conditions is an  im p o rta n t design feature. 
B ecause o f  th is, th e re  have been a num ber of a ttem p ts  to im prove th e  energy­
absorb ing  characteristics o f m atrix  m ateria ls.
T hese include the  use of plasticizors, the  addition of ru b b e r or therm oplastic  
partic les, control of cross-link density, th e  use of therm oplastic  m atrices and  the 
use of in te rla y e rs  w ith in  plies.
4,4 Impact Damage: An Energy Band Model 
(ORIGINAL CONTRIBUTION)
U nder n o rm al conditions (no im pact energy applied), m a te ria l constitu en ts  are 
bound to th e ir  respective poten tia l levels w ith relative s tab ility  u n d er sm all 
v ib ra tions. As im pact energy is applied, shock waves (im pulses) m ay cause 
dam age su ch  as fibre b reakage or cracks ( th a t can p ropagate  over tim e).
W hen a defect is induced, th e  original energy d istribu tion  could be affected, 
hence, new  energy levels an d  pockets of energy sub-levels m ay be formed. This 
energy re-m app ing  can be correlated  to the applied force o f  im pact v ia  the 
proposed energy  band  model described below.
For a non-defective or practically  acceptably defective com ponent we will 
assum e a n  energy level Eth. The im pact will induce a large im pulse such th a t 
the overall energy d istribu tion  in th e  m ateria l is raised  in a m anner th a t
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subsequen t im pacts on the sam e a rea  follows a pow er accum ulative or 
exponential law in  a  context th a t  will m ake the  required  im pact energy for the 
sam e response low er locally b u t h igher globally im plying the form ation of 
in te rm ed ia te  energy  sta tes or bands of energy in  a less s tab le  environm ent 
com pared to the orig inal s tru c tu re , hence, propagation of a  defect is a strong 
possibility  over a m uch  longer period of tim e relative to the  im pact contact time 
(as show n in F igu re  4.1.)
F igure 4.1: Energy B and Model.
From th e  graph, th re e  cases can be established:
(1) Impact Energy (E,) is much smaller than the Threshold Energy
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(E ,« E th).
W hen induced E , (8 ,)  w ill in itia te  a response energy E r (8 , + n 8 ,) w hich contains 
two energy levels, defec t energy (E dl) and th resho ld  energy (E th) such th a t:
w here e , is a sm all ba lancing  factor th a t  accounts for frictional forces and 
energy conservation.
In  th is  case the  applied im pact had  little  or no effect on th e  s tru c tu ra l in teg rity  
of the m ateria l.
(2) Impact Energy is less or equal to the Threshold Energy (E,<Eth).
W hen applied  E , (82) w ill cause an  energy response E r ( 8 2 + K 8 .J w hich provoke 
a step  like response w ith  a n  absolute value below or e q u a l to the critical energy 
level d is trib u ted  w ith in  th e  m ateria l s tru c tu re  w ith b o th  negative and  positive
Ei = Edi * e 4.(1)
4.(2)
Now su b stitu tin g  e q u a tio n  (1) in to  (2) yields:-
4.(3)
And for E7 «  Em we obtain :
hence * 1
4.(4)
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phase signal possible. If  we now apply  (1), (2) an d  (3) from the  previous case 
w ith  the  new  boun d ary  condition, we obtain:
4.(5)
4.(6)
4.(7)
In  th is  case th e  im p ac t has crea ted  a new  stab le  surface w hich is reg a rd ed  as 
non-defective or acceptab ly  defective locally w ith  dependence on the  m ag n itu d e  
of resistive forces.
E r = E ü, + E d2
E r = E th f  C2 - E i
SO,
E r e 2
E Ü, E *  .
(3) Impact Energy is much greater than the Threshold Energy 
(E ,» E th).
U pon application  E, (83) will force an  energy  response E, fS3 +  M83) w ith  a ra m p  
ch arac teristics h av in g  an  abso lu te  value above th e  re so n an t energy level w ith in  
th e  com posite s tru c tu re .
A gain, using  eq u a tio n s  (1), (2) an d  (3) we obtain:
E. = E.„ + E.d3
hence,
E r -  E *  + e 3 -  E l “  e 3 -  E I
E r e 3 E l - E '
E ü, E * E -  .
4.(8)
4.(9)
4.(10)
The expression 4.(10) ind icates th a t  above th e  essen tia l energy level a
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progressive band  of energy s ta te s  (m icrothreshold  levels) a re  c rea ted  and 
destroyed over a length  of tim e (t). A t equilibrium  a finite num ber of energy 
levels w ill be p resen t as discrete energy  pockets w ith in  an  energy  envelope. 
T he expression also shows th a t since th e  energy distribu tion  in  response  to  this 
p a rtic u la r  level in  im pact and above is  extrem ely  serious as i t  is contro lled  by 
th e  defect energy  w ith  possible p h ase  reversal. In addition, in te rac tio n s 
betw een  these  su b sta tes  are possible a n d  a m athem atica l model for th e ir  field 
in te rac tio n  in  space is possible using CONFORM AL TRANSFORM ATION as 
ou tlined  below [30-40].
A cross section of the  energy envelope (energy pockets w ith  d ifference in 
p o ten tia l re la tive  to each other and in te rac tiv e  field streng th ) is m odelled as 
show n in F igure 4.2.
W e will be u sing  a form of b ilinear tran sfo rm atio n  to transform  a  u n it circle of 
th e  z-plane to th e  upper h a lf  (Im > 0) o f  the  w-plane.
C onsider the transform ation :
4.(11)
so,
z - J
z + j
4.(12)
Now, if  x, is an y  general point on th e  x-axis of th e  z-plane and  if  it  is
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rep resen ted  in  its polar form w ith  a corresponding angle of 6- th e n  (4.12) can
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be w ritten  as:
so,
6, = jin
xi - J
x + j
x, -  J
X, + j
4.(13)
4.(14)
whence,
de, = j
' X, + i ’ -  2jdx, 2dx,
x. -  j V 1 J 1 (x, ♦ j)2 (1 + x ,2)
4.(15)
Now th e  SCHWARZ com plex po ten tia l solution w = <j) + j is obtained through 
the following evaluation.
e'*01 + t
I e *6' - t
<p(x,) d0,w = —  /
2n L
S ubstitu tio n  of equations (12), (13) an d  (15) into (16) gives:
<P(*,)1 7 ' -  (1 + x, z) ’ ' 2 dx, '2n k j (z -  x i) , S l + x>2) ,
_ j
IT J
'  (1 + x,z)
(1 + x,2) (z - x,) t
<p(Xj) dx,
4.(16)
4.(17)
4.(18)
This is a solution of the  f irs t boundary  value problem  o f the first k ind in  the 
upper h a lf  w -plane. The re a l p a rt of (18) is:
This is PO ISSO N ’S in tegra l form ula for th e  upper h a lf  p lane , and for a num ber
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<P O.y) = — /IT J (x -  x,) 2 + y2
<p(Xj) dx, 4.(19)
of energy  pockets (i + 1) separa ted  by gaps g v  g2, ..., g^ equation  (4.19) becomes:
<p(*»y) = «poi17
S:
+ <P,y/ ' ¿*2 + +* y i T y  Ì
71 •/" {x-x\yy\ (x-xfr+y2 n J 8, (x-x(2) +y2J
4(20)
E q uation  (20) describes the overall in terac tion  of m an y  energy pockets on a 
single point per cycle.
Hence:
<P, -  <P2
+ <P/ 1 A - <p. ta n '1 f <*, ' X
2 J l « „ y J
ta n '1 [* » -■ *  1 ♦ J «Pi-, -  <p, tan -1
f
*> ~ x
y J * - y 4.(21)
To find the  complex po ten tia l so lu tion  w = i j ) + j f  and  th e  field expression (21) 
is re -w ritten  in  d ifferen t form by considering F igure (4.2) w hich shows that:
ta n '1
dj - x
y
= 4>L = (0L -  n/2) 4.(22)
w here; 0t  = a rg  (z - dL) is the angle betw een (z - dL) an d  th e  positive x-axis.
Then:
<P (x.y) = «P, + <Po “  <P, 0, +..^ «Pi-, -  «P, 0;
= £  «Pin-1
/
«Pn-. -  <Pn
4.(23)
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and
(p(x,y) = cpj arg (z -  d,) «Pi-i - <Pj
i:
arg (z -  dj)
= È  <P, arg (z -  dn) 4.(24)
Now equation  (23) h as  the  equivalen t ELECTRICAL TRANSFORM ATION:
Z l
^ n«l
[ <p (*i y) -  <p¡ ]
E C^n-, -  <p„) (Ln (R„) + j e„)
4.(25)
w here: R ,  0 a re  p o la r  co-ordinates, and
r l = [ (*2 -  dL ) + y2 j,/2
= tan d L~X
4.(26)
su b s titu tin g  (26) in  (25) yields:
<P (x, y) È  <p>
»n-l -  <Pn 
71
4.(27)
Now from eq u a tio n s  (25), (26) and  (27) we can deduce th a t  the  com plex 
p o ten tia l is given by:
w = <p + ji|r = E  <Pi
n»l
Ln (z -  dn )71
4X28)
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Then:
. dw 
J ~dz = En=l
<PB-1 -  <P„ 1
-j £
<Pn-l -  <Pn
( Z -  d „)
(x -  dn) + jy
-  d„)2 ♦ y \ 4.(29)
f I = -j E
<Pn-l -  <p„ (z -  d„)
z -  d. I3
= E
n=I
<pn., -  <p„ Ì (x -  d„) + y
- J (x - dn)2 + y 2 4.(30)
The field function produced here in  equation  (30) rep re sen ts  an  approxim ate 
m odel for th e  effect of potential differences crea ted  w ith in  a com posite s tru c tu re  
as a  function  of im pact force w hich i f  exceed a certa in  lim it, can c rea te  s ta te s  
acqu iring  d ifferen t s tra in /s tre ss  energ ies an d  each of ind iv idual s ta te s  in  an  
envelope exercise a field effect by th e  o thers (F igure 4.3).
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Figure 4.3: Field function  of in terac tive  energy s ta te s .
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CHAPTER 5
DESTRUCTIVE AND NON-DESTRUCTIVE 
TEST TECHNIQUES
5.1 Introduction.
Com posite m a te ria ls  depend on th e ir  s tru c tu ra l a rran g em en t to obtain th e ir  
desired  m echanical properties. The fibres on th e ir  own are  generally  of little  
p rac tica l use b u t w ith a w ell-designed com bination of fibres and m atrix  a 
re liab le  com ponent w ith good perform ance is produced and needed in 
dem anding  environm ents such as vehicles, a irp lanes and  space craft industries.
In teg rity  of a m ateria l is based on quality  of fabrication as the  designed 
specifications a re  fulfilled not only th e  best available s tru c tu ra l properties, bu t 
also  any o ther com bination of p roperties designed for a p a rticu la r purpose. 
H ence, it is im p o rtan t to be able to control the m anufactu ring  and  to inspect the 
m a te ria ls  for th e ir  s tru c tu ra l a rran g em en ts  of fibres, m atrix  and  defects which 
m ost often have a de trim en tal effect on the composite properties.
F o r practical an d  economical use of com posites, it  is very im p o rtan t to know not 
only the  level of defect in the m ateria l b u t also its effect on the  properties of the 
m a te ria l, so th a t  enough evidence will be available for accepting or rejecting a 
com ponent.
A destructive  te s tin g  of the m echanical properties is the m ost d irect and
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fam iliar w ay of accepting a m aterial. B ut i t  is desirable to use non-destructive  
testin g  and  inspection  [41-43] to estab lish  th e  soundness of a com ponent. Two 
key a reas  for th e  application  of NDT:
(1) The inspection  and control of the m an u fac tu red  com ponents.
(2) The inspection  during  service w ith th e  object of detecting  an y  d am ag e  to 
th e  m a te ria l and  th u s predict a  safe fu ture-life  of the com ponent.
Both a re a s  above a re  used to ensure the s a fe ty  of a ce rta in  com posite th ro u g h  
inspection of its  s tru c tu ra l properties.
U ntil recently , th e re  w as no form al q u a n tita tiv e  criterion  for in sp ec tio n  of 
advanced com posite m ateria ls. However o v er the p a s t few y e a rs  th e  need 
become m ore u rg en t to determ ine the  allow ed flaw lim its and  dam age g row th  
ra te s  to e s tab lish  inspection in tervals and flaw  characteristics. T he technology 
w hich is being developed a t  the m om ent covers th ree m ain  areas:-
(1) C ritical dam age identification and detection .
(2) A nalysis and  non-destructive m on ito ring  of dam age progression.
(3) E stab lish m en t of critical defect size as a  function of s tress levels, fa tigue 
cycles an d  environm ent.
T hus, in  o rder to develop the non-destructive inspection technology for fibre- 
reinforced com posite m ateria ls, it  is necessary  th a t  the developm ent of detection  
capab ilities be coupled w ith developm ent of th e  technology th a t  is capab le  of
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a s se ss in g  the  influence of defect geom etry upon s tren g th  an d  stiffness.
5.2 NDT: A Focus.
T e s tin g  is said  to be non-destructive provided th a t  any satisfac to ry  specim en 
te s te d  rem ains fit for service a f te r  the tes t. C hanges in  th e  te s ted  specimen 
u s in g  contactable NDT techn iques are expected b u t will not exceed a certain  
level. On the  o th e r hand , sign ifican t physical or chemical changes can take 
p lace  in  a destructive  te s tin g  o f a  component. Such destructive  tests  can be 
u se fu l for s ta tis tic a l analysis, also  destructive te s tin g  would no t be practical 
w h e n  it  comes to applications in  the nuclear ind u stry  and w h en  large single 
expensive  s tru c tu re s  are  involved.
A n o th e r  type of testin g  w hich is  halfw ay betw een destructive  and non­
d e s tru c tiv e  is proof te s tin g  w here  com ponents are  tak en  beyond the intended 
o p e ra tin g  conditions. If  they  survive, they will be classified as acceptable and 
the t e s t  is ac tually  regarded  as non-destructive in  n a tu re  even though during 
th is  ex trem e te s t  certa in  defects could have s ta rted  to grow  and  m ight 
c o n tr ib u te  to th e  com ponent fu tu re  failure while in  service.
N on-destruc tive  te s tin g  helps to  ensure th a t  m ateria ls  e n te r  service in  fit 
cond ition  for th e  purpose for w hich they are  m ean t to fulfil, an d  can check 
w h e th e r  subsequen t use or m isuse  has allowed th e  in itia tion  or grow th of 
defec ts . Yet, NDT would be a m ere  drain  on resources if  the te s ts  them selves 
are  unav a ilab le . Too little  sensitiv ity  would allow failure to occur, and too
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m uch sen sitiv ity  would w aste  perfectly good specim ens. C learly, one m ust 
d istin g u ish  betw een the  capability  of a technique and its day-to-day reliability  
in p ractice. T h is will be affected by both economical and  hum an  factors.
The basic contribu tions to  the  reliab ility  of N D T arise from the  n a tu re  of the 
s tru c tu re  itself, th e  env ironm ent in  which th e  s tru c tu re  is expected to operate, 
and  th e  k in d s of defects expected to occur. From  th is inform ation it  is possible 
to e s tim a te  w hich are th e  defect types w hich m ight be expected to lead to 
failure an d  th e  m axim um  size of these  defects w hich can be to lerated .
H aving e s tim a ted  the size and  n a tu re  of the defect types w hich could lead to 
failure, a  su itab le  NDT techn iques based on u n d ers tan d in g  of the  w ay in  which 
defect de tec tion  is accom plished. The chosen technique needs to be calibrated  
using w h a t is believed to be a s tan d ard  calib ration  specimen. T h is includes 
non-defective sam ples an d  artificially  defected ones.
F ailu re  also involves the system atic  re la tion  of com ponent failu re and  system  
failure. T h is leads to w h a t is known as fitness for purpose concept w hich can 
tak e  two d iffe ren t forms:
(1) To seek  perfection in  m anufacturing  by aim ing for the  best quality  
achievable w ith  ex isting  m ethods, irrespective of final application.
(2) To recognise the v a ria tio n s  in  significance of defects from one type to
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a n o th e r. The re levan t quality  is the ex ten t to w hich the defect affects 
o p e ra tin g  efficiency. This concept is a  m uch m ore realistic an d  economic 
one in  te rm s of in d u stria l and com m ercial applications.
C u rre n t inspection  techniques a re  n e ither able nor designed to d e tec t all the  
d ifferen t ty p es  of possible defect, bu t are  re s tric ted  in  the ir application  to 
ce rta in  specific types of defect. Hence, a w orking knowledge of th e  types of 
defect w hich m igh t occur an d  the identification o f those which a re  m ost likely 
to be d e tr im e n ta l to th e  com ponent in operation an d  how im portan t th ey  are  for 
d ifferen t ty p es  of com ponent is essen tia l w hen considering  an NDT technique. 
T his chosen techn ique needs to be able to detect defects a t  three m ajor stages:-
(i) Raw M ate ria ls
(ii) D u rin g  M anufacture
(iii) In  O pera tion
T his is e sse n tia l since defects have the  tendency to evolve w ith tim e and  load 
application. T h e  following two chapters touch on th e  e ssen tia l princip les behind 
NDT techn iques.
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CHAPTER 6
SONIC AND ULTRA SONIC TEST TECHNIQUES.
D uring  the  p a s t  few  years the  in d u stria l world h a s  seen a m assive grow th in 
the  use of N D T  m ethods and techniques. In th is  section the application  of 
physical p rinc ip les for detecting defects in  non-conductive fibre reinforced 
com posite s tru c tu re s  w ithout im pairing  th e  usefu lness of these  m a te ria ls  are 
d iscussed w ith  p a r tic u la r  em phasis and e labora tion  on the  NDT techniques 
used  in  th is  re sea rch .
6.1 Low Frequency Vibrational Techniques.
These can be d iv ided  into two types:
(i) Global te s ts  (ii) Local tests
For (i) the  te s t involves m easu rem en t of the n a tu ra l frequencies and /o r dam ping 
of th e  whole com ponent. These q u an tities are  p roperties of the whole stru c tu re  
and  a re  in d ep en d en t o f  the position a t w hich they  a re  m easured. Therefore a 
te s t a t  a single location  can in terrogate  the whole com ponent [44-45].
Since n a tu ra l o r re so n a n t frequencies are  very sensitive to dim ensions, th e ir  use 
for th e  detection  of sm all cracks a t the production  stage is lim ited  to 
com ponents w hich  a re  produced to stric t d im ensional tolerances. N atu ra l 
frequency m e a su re m e n ts  may also be used as an  in-service test, m easu rem en ts 
a fte r a period o f service being com pared w ith  base  line taken  on th e  sam e 
com ponent. T h is m ean s  th a t the  effect of dim ensional v aria tions across a 
production batch  is rem oved so g re a te r  sensitiv ity  to sm all defects is expected.
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The application  of n a tu ra l frequency m easurem ents for the production  and 
quality  control of fibre com posites has been investigated by Cawley e t  al, [46-47]. 
F lexural v ib ra tion  te s ts  u sing  th e  a rrangem en t in Figure 6.1 w ere carried  out 
on a  series of filam ent w ound carbon fibre reinforced plastic (CFRP) tubes, 
several of w hich had  deliberate  bu ilt-in  defects. Some of the defective tubes had  
incorrect fibre volume fraction  or w inding angle, while others h a d  localized 
defects such as siliconised p ap er inserts  and cut fibres. F igure 6.2 shows a 
graph  of firs t mode n a tu ra l frequency versus second mode frequency for all the  
tested  tubes.
From the g raph , the generalized  defects, low volume fraction an d  incorrect 
w inding w ere readily  detected  except for sm all localized defects.
S tru c tu ra l dam ping  is m uch less sensitive to dimensions com pared to  n a tu ra l
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frequencies [48]. Hence, dam ping  m easurem ents m ay therefore be used in s tead  
as a production quality control test. I t can also be used as an  in -serrice  te s t  
s im ilar to n a tu ra l frequencies technique. However, even though cam ping is 
know n to be more sensitive to dam age, it is h ard er to m easure accurately . In  
addition, w hen used to detect dam age in  fibre composite com ponents,
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localized defects will produce a very sm a ll percentage change in dam p in g  which 
is h a rd  to detect and w ith in  the m ethod  lim ita tions tend  to confuse good 
com ponents w ith  bad ones.
For (ii) it  involves v ib ra ting  the  te s t s tru c tu re  (u sually  a t its  n a tu ra l frequency) 
by applying an  exciting force a t  a s ing le  point, an d  m easuring  a local property  
of the  stru c tu re , in  a p a rticu la r mode o f  v ibration , a t  all the  po in ts o f  in terest. 
This type of te s t is th ough t to be m ore sensitive th a n  the global one.
The presence of dam age in  com posites leads to th e  form ation of cracks and 
crazes. W hen cyclic s tresses are  ap p lied  to a  dam aged com posite m ateria l, 
dam ping  takes place betw een the sides o f  the cracks, resu lting  in th e  genera tion  
of heat.
The change in  the  overall level of dam ping  in  a  s tru c tu re  is sm all, while 
localized dam ping can be large. T h is  concept of defect detection  is called 
VIBROTHERM OGRAPHY [51]. U sing  th is technique, local te m p e ra tu re  rise 
produced by local energy dissipation  u n d e r  cyclic s tre ss  which is produced by 
reso n an t v ibration  is m easured. It is favourable th a t  the s tru c tu re  has low 
th e rm al diffusivity to p reven t rap id  h e a t  conduction from the dam aged  area. 
V ibrotherm ography is know n to be m ore sensitive th a n  tran s ien t therm ography  
if  tran sv erse  cracks are to be located b u t passive therm ography is probably 
m ore su ited  to finding debonds and  delam inations (therm ography  will be 
d iscussed la te r  in th is  chapter).
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However, local dam age in  a s tru c tu re  ten d s to d isto rt the  v ibration  m ode 
shapes. W ith advances in  lase r holography system s, th e re  has been a g re a t 
in te re s t in  rea liz ing  th is  effect using  NDT m ethods. The technique involves 
v ib ra tin g  th e  te s t s tru c tu re  a t resonance and  producing a tim e-averaged 
hologram  of th e  motion. T he use of pulsed  la se r  m akes i t  possible to use th e  
technique in  th e  presence o f background v ibration . U sing im pulsive excitation 
produces hologram s from view s tak en  a  few m icro-seconds ap a rt as the  pulse 
p ropagates th ro u g h  the stru c tu re . This techn ique is s till under developm ent 
w ith  expected high cost for th e  equipm ent an d  possibility for rapid inspection 
(more on th is  technique la te r  in  th is chapter).
A pplication of v ib rational excitation a t  each te s tin g  point is regarded as both 
locally an d  globally oriented . This technique is used for detection of defects 
such as debonds in  adhesive jo in ts, delam inations and  voids in  lam inated  
s tru c tu re s  and  defective honeycomb constructions. These a re  all p lan a r defects 
and  th is  m ethod is regarded  as unsu itab le  for detecting  tran sv erse  cracks.
M echanical im pedance is in  general a function of frequency, when a 
delam ination  is p resen t, th e  im pedance of the  s tru c tu re  in  th e  direction norm al 
to the surface is lower above the delam ination  com pared to good areas. So 
defects can  be detected  by m easu ring  the  com posite m echanical im pedance as 
shown in  F igure 6.3. At frequencies below 7KHz, the  im pedance over the  defect 
is lower th a n  th a t  over good areas and  reduces w ith increasing  defect size. 
Over good a reas  the  m easu red  im pedance is de term ined  by th e  contact stiffness
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b etw een  the  probe and  the stru c tu re , while over a defect it is governed by the 
stiffness of the layer(s) above the defect in  series w ith the  con tac t stiffness and 
is th o u g h t to be given by the  following expression, Cawley e t a l & [46] :
and
K_, Kc Kd
k Kc ♦ K
\
■V
6 . ( 1)
W here: Ke(r
K, 
Ku 
d 
P
E
h
Kd =
PEh 3 \ 6. ( 2)
l d 2
Effective contact stiffness 
S tiffness over good area 
S tiffness over defective area  
Defect d iam eter
C onstan t depends on effective b o undary  conditions 
and  poissons ra tio  of the  layer(s) above the  defect 
F lexural m odulus of the  layer(s)
D epth of defect
The m in im um  defect depth  as a function of its d iam eter is g iven by:
= uh 1.5 6.(3)
The lay e rs  above a  disbond or delam ination  m ay be reordered a s  a p late w hich 
is re s tra in e d  a round  its edges. This p late  can resonate, w ith  th e  first mode 
being th e  m em brane resonance in w hich the m otion is s im ila r  to th a t of a 
d iap h rag m . Hence, if  each point a t w hich inspection is of an  in te re s t  has been
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excited a t  different frequencies th e n  one of th e se  frequencies will correspond to
th e  m em brane resonance  frequency for a  particu la r defect size w hich is 
expected to be larger th a n  th a t over the good area. This resonance frequency 
is given by:
W hen however, an  osc illa ting  force is applied  to  a plate-like stru c tu re , bonding 
w aves are  produced w hich  p ropagate  aw ay from  the excitation point. T he 
am plitude  and  velocity o f  the  w aves p roduced  are a function of th e  m a te ria l 
p roperties of the  s tru c tu re  and its  th ickness. This constitu tes a velocim etric 
technique w hich can be usefu l in checking com ponent composition.
E xcita tion  a t each te s tin g  point u sing  tapp ing  techniques has been successfully 
used  in  th is  research . W hen  a s tru c tu re  is ta p p e d  producing a sound, v ib ra tion  
a t  th e  m ajor frequency modes of the  s tru c tu re  at its  fundam enta l values 
provides us w ith  a w ay o f  characteriz ing  th e  com posite properties.
f  = q (h/d2) 
r (E/p) 1/2
6.(4)
w here: q: c o n s ta n t depends on effective boundary  conditions an d
poissons ratio
p: M a te ria l density
and  m inim um  d iam ete r is given by:
6.(5)
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DEFECT
Figure 6.3: M easurem ent and m odelling o f  composite m echanical impedance.
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T h ese  s tru c tu ra l characteristics are  essen tia lly  independent of the position of 
excita tion . W hen a s truc tu re  is tapped, the characteristics of the im pact are 
d ep en d en t on the  local flexibility of the  s tru c tu re  and the device used to s trik e  
it.
D am age such as delam ination resu lts  in  a local increase in the  s tru c tu ra l 
flexibility , and hence a change in  the  n a tu re  of the im pact as shown in F igure 
6.4. T he im pact over a good area is found to be more intense and of sh o rte r 
d u ra tio n  th an  th a t on a dam aged area.
F igure 6.4: Response of defective and  non-defective s truc tu res to tappings [46].
The difference in  the sound produced is due to the  frequency content of the force
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pulse. The am plitude of the force in p u t to the dam aged a rea  w as found to fall 
off rap id ly  w ith  increasing frequency. This m eans th a t  th e  im pact on the 
defective area  will no t excite the h ig h e r  s tru c tu ra l modes as strongly as the 
im pact on the good zone. Therefore, th e  sound produced does no t contain  the 
h igher frequencies and  the s tru c tu re  sounds duller.
The change in  the  im pact cha rac teris tic  over a defect m ay be explained by 
considering the effect of the defect on th e  motion of the im pactor. In  the region 
of delam ination , the flexibility of the  s tru c tu re  in  the  d irection  norm al to the 
surface is increased. This m eans th a t  w hen an  im pactor s tr ik e s  the  s tru c tu re  
above the  defect, the  surface "gives" m ore  than  over a good a rea . The dam ping 
effect also m eans th a t  the im pactor s ta y s  in  contact w ith th e  su rface  for longer 
w hich re su lts  in  a longer im pact d u ra tio n . O ver a good a re a , the  im pact 
du ra tion  is controlled by the contact stiffness betw een the  im pac to r and the 
stru c tu re . A delam ination effectively reduces th is  contact stiffness.
The above findings w ere behind the d esign  of an electronic ta p p in g  in s tru m en t 
w hich m easures the  force and tim e d u ra tio n  during  the tap  w hich  m akes th is  
device insensitive to background noise.
6.2 Tapping Method: Mathematical Model 
(ORIGINAL CONTRIBUTION).
Based on th e  previous discussion and  to  be able to analyze an d  in te rp re t th e  
experim ental d a ta  obtained from a device which im plem ents su ch  a function,
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a model is devised to account for the  response of a composite s tru c tu re  to the 
application of a fixed ra te  tapping w ith  variab le duration  to an in p u t im pulse.
F igure 6.5 illu stra tes the  principle of system  response of an  applied signal to a 
composite structu re .
Figure 6.5: Response system  block diagram .
From the closed-loop, feedback system  block diagram  we have:
x -  ß y¡ = e 6.;S)
Yi = “ .e
/ \ X K-1General
1 + g.ß
For a direct contact (NO interface betw een the device and
1.
6.(7)
6.:s)
Hence:
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K,General
i  ♦  p
6.(9)
and
From  KGeneral, yx, y2 w e obtain:
y2 = ( ß y i ) 6 . ( 10)
Kref = 1 + p
6 . ( 11)
K.. 2 Q
1 +  p
6 . ( 12)
The factor o f 2 ap p earin g  in equations (11) and (12) is to account for th e  signal 
tran sm issio n  and reception  w hich is a dual operation.
W here
P =
By back substitu tio n  we obtain:
t . ( t
— , «  =
avg
w  J , l ref ,
6.(13)
K r=f =
2 . t _
ld +  l ref
6.(14)
K
2 .t .
l d + l ref
w here:
6.(15)
Reference response tim e. 
Average response tim e.
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td : Defect response time.
K : R elative response factor.
F rom  equations (14) and  (15) we realized th a t th e  overall response tim e consists 
of two com ponents:
(1) Defect in troduced tim e delay.
(2) The original s tru c tu re  response (before dam age).
The valid ity  of th is  in itia l revelation  can be e stab lish ed  by exam ining th ree  
cases:
(1) t ref» t d
H ere, th e  m ateria l is e ith er non-defective or the  defect level is m uch below the 
detec tab le  dam age for w hich the  im pact energy w as  well below the  threshold . 
Hence:
lim
t,T°
2 .t'ref
ld + l ref
= 2 6.(16)
T his lim it of 2 could not be exceeded by any form  of dam age or change in 
m a te ria l properties.
(2) t ref “ td
H ere th e  s tru c tu re  is definitely defective and th e  tim e delay in troduced is 
eq u iva len t to the com ponent original response b u t is  not th o ugh t to be critically 
affecting the  composite in tegrity . So:
(3) td »  t ref
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lim 2.tref
1 6.(17)
td~trcf «a + lrcf
In  th is  case  the te s ted  composition is severely  dam aged and  a t  its serious or 
critical level. Hence:
This is a lw ays < 1.
In  be tw een  the previous lim its, the  norm alized function is m apped as  in  
equation  (14).
I t  is believed  th a t  averag ing  signal responses is one w ay of filtering  out noise 
and  o b ta in in g  a un iform ity  of com position characteristics. So, applying lim its 
to eq u a tio n  (15) w e obtain:
This describes a rea listic , practical, non-defective or negligibly defective case 
due to in s tru m e n t insensitiv ity  or low d am ag e  level. Hence:
lim
t.ref 6.(18)
(4)
6.(19)
2 -  K < Kavg < 2 + K
W here k: sm all d ifferen tia l param eter.
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In  a  perfect sam ple (ideal case): t avg = tref => K,vg = = 2, i.e. no surface
irreg u la ritie s .
(5) t d = t ref
lim
V
H ere, th e  decision on th e  sam ple condition will be inclined strongly  tow ards the 
defective p a rt of th e  spectrum , where:
1 ‘  X < K,vg < 1 + x 
X'- S m all differential param eter.
As before  in  a perfect sam ple Kavc K „f = 1.
(6) t d »  t ref
6 . (21)
A lw ays < 1.
As t avg —* t ref, Kavg —¥ K^f, equation (21) becomes:
K,vg = Kref =
ref
t.
ideal case 6 .1 2 2 )
Always < 1.
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(7) td - t avg
lim
*-d '"*avg
2.t.
■vg
t, + / 1 lref
l avg
6.(23)
E q u a tio n  (23) can approxim ate equations (17) and  (20) u n d er th e  righ t 
conditions (tavg —> tref) a n d  evaluates to the  value of 1.
T h is  ind icates an  evenly defective sam ple such th a t  the  w hole of the  s tru c tu re  
is a lm ost equally  occupied by defects a t  s im ila r energy levels.
I t  also  ind ica tes th a t  a t  th a t specific im pact level the  im pac to r dim ensions 
in fluenced  th e  response in  a w ay th a t enabled  an  a lm o st equal energy 
p ropag a tio n  w ith  m in im al dissipation  and reflection.
F o r a  non-defective or acceptably defective s tru c tu re  we w ill assum e an  energy 
level E th. W hen dam aged  the  defect(s) w ith in  the  s tru c tu re  w ill h in d er th e  flow 
of energy  from a tap , hence, including a propagation delay  factor which 
m o d u la tes  th a t  in itia l applied  energy of dam age (E,) to a form  sim ilar to the 
tim e  response expression derived previously on the  assum ption  th a t energy 
d iss ip a tio n  due to defects is proportional to th e  introduced tim e  delay.
H ence, we can  estab lish  a correlating  expression betw een  tim e delay and 
ap p lied  defect energy a n d  obtain  the  level of th resho ld  n ecessary  to overcome
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for a s tru c tu re  to become defective. This is given by:
Ed. = 2E,
E*. = 2E,
tJef
W  )
_avg
W
= ( E,-Kref )
= ( E.'K.vg )
6.(24)
6.(25)
Now to estab lish  the shape function of such a  response , we realize  from 
equations (11) a n d  (12) that:
¿  H  ' 1 * p ’ ■ **
= —  [ i + p
2Q 1f  —  )  = 1 ♦ - L IK.vg J 2Q 2Q = 4>n
6.(26)
6.(27)
By using  M aclaurin ’s series expansion we obtain:
<t>A <t>2 )-Y -'f’e
W here 0! = exp(P), 02 = cosh (P), y  = 0.5. 
E thg : A verage threshold energy.
E,h : T hresho ld  energy.
Hence:
6.(28)
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Hence:
Kref =
cosh (P) * exp (P) 
4
6.(29)
K.vg = O'*
cosh (ß) + exp (P) 
4
6.(30)
K f  =
cosh (tytref) + exp (tytrcf) 6.(31)
and
K. *avg
-1 coshUAf) + exp(td/tref)
trcf 4
6.(32)
Eu, = (E,-Kref ) , E*, = ( E,.Kavg ) 6.(33)
U sing the  above approxim ation , not only can we estab lish  th e  response  shape 
function and charac teristics, bu t also allow a w ider safety  n e t for defective/non- 
defective decision m aking.
F igures (6.6), (6.7) illu s tra te  the theoretical response of such a model.
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Figure 6.7: Shape function for 3mm woven glass.
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6.3 Ultrasonic Techniques.
W hen considering u ltraso n ic  technique for com posites evaluation  it  is u sefu l to 
review  some of the p roperties of u ltra so u n d  w aves [50-59] and  the m a n n e r  in 
w hich it  is though t to in te ra c t w ith  defects.
U ltrasound  waves have frequencies above th e  upper lim it of au d ib ility  which 
is approxim ately 20KHz, a lthough the  range of 1 to 50MHz is m ost o ften  used 
for m ateria l evaluation. U ltrasound  requ ires a m edium  to propagate a n d  travel 
th rough  in the  form of s tre s s  waves. Several types of particle m otion, o r  modes 
of propagation are  supported  in  solid m a te ria ls  such as:
(a) Com pressional w aves, w here the  partic le  m otion is para lle l to  the 
direction of propagation.
(b) S h ear waves, w here th e  particle m otion is orthogonal to the  d irec tion  of 
propagation.
(c) Surface waves, w here  the particle m otion is elliptical and confined to a 
surface region of abou t one w avelength  deep.
(d) P la te  and  Rod w aves produced in bound, solid m edium .
These types of waves p ropagate  a t  d ifferen t velocities, during  th e ir  m otion  they 
ten d  to get modified by th e  encountered  boundaries, by the m ateria l i ts e lf  and
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th e  presence of defects.
The n a tu re  of the in teraction  b e tw een  the w ave and  m ateria ls  and  th e ir  defects 
depends on variables such as:
(a) R elative size of the  defect to  th e  w avelength of sound.
(b) The orien tation  of the  defect.
(c) The mode in  which the so u n d  wave is propagating.
A m ate ria l boundary  constitu tes a  change in  the  acoustic im pedance. For the 
case of norm al incidence a t  the in te rface  betw een two d ifferent environm ents, 
som e sound is reflected and  the  r e s t  is tran sm itted  across the in terface. The 
re la tiv e  am plitude and phases o f  these w aves depend upon th e  change in  
properties across the boundary. A s th e  m agnitude of the  change in  properties 
increases, a g rea te r proportion of th e  incident energy is reflected and  hence less 
is tran sm itted  across the  boundary .
However, w hen the  sound wave is inc iden t a t  some angle th e  am plitudes of the 
reflected and tran sm itted  waves a re  also a function of the  incident angle. The 
n a tu re  of w ave-m aterial in te rac tio n  is com plicated as one kind of incident wave 
can resu lt in the  generation  of o th e r  types w ith in  a struc tu re .
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The m ate ria l contribution in  modifying th e  sound wave propagating  th ro u g h  it 
can occur in  a num ber of w ays.
Energy can be lost due to d issipation  m echanism s w ith in  the m a te ria l or by 
sca tte ring  of sound from the  s tru c tu re  by defects such as voids and  inclusions. 
These m echanism s of energy loss are u sua lly  frequency-dependent, hence, 
m odifying the shape of the propagating  wave.
The change in sound velocities as a function  of the  elastic p roperties of 
m ateria ls  can be given by:
Clong
I  (  1 -  H
P l  (1 + fi) (1 -  2p)
c E ( 1 'I 1/2
^  trans
P { 2  (1 + p)  )
0.87 + 1.12 p E ( 1 i l1 + P P l 2 (1 + P ) J
6.(34)
6.(35)
6.(36)
Where:
E : m odulus of elasticity
P : m ateria l density
M : Poissons ratio
w ith  sound exerting  a  pressu re  o f relative am plitudes given by:
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P(x)
Po
= exp ( -  Çx) 6.(37)
W here: p(x), p„ are  p ressu re  am plitude a t  po in ts o f origin an d  distance x.
: A tten u a tio n  coefficient
The a tten u a tio n  coefficient is g iven by:
« = 5. + Ss 6.(38)
W here: Sa : A bsorption coefficient
S. : S ca tte rin g  coefficient
The acoustic im pedance of any reg ion  is defined as:
z = p C 6.(39)
H ow ever for two different boundaries w ith  acoustic im pedances z, and z 0 a 
p ressu re  am plitude  reflection coefficient can  be defined as:
(z2 - z,)
(z2 + z,)
and  the  p ressu re  am plitude transm issio n  coefficient is given by:
6.(40)
T = 2 *2
Z, + z,
6.Í41)
‘1 ‘ 2 /
Also, the  re la tive  in tensities can be found from:
= r2 6 J 4 2 )
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and
I, ' T2 Z,
li J *2
w here: Ir, It, I, : Reflected, T ran sm itted  a n d  Incident energies.
As defects in te rac t w ith  u ltrasound , th a t  cause a ch an g e  in acoustic im pedance 
relative to  th e  surroundings causing diffraction effects. These defects are 
overshadow ed if  the  size of a  defect is large com pared to the sound w avelength 
causing sound  reflection.
There are  m any  different m ethods available for in sp ec tin g  composite m ateria ls  
using u ltra so u n d  depending on the  expected defects (Table 1).
A common factor of all techniques is the  need for a  couplant to in terface the 
tran sd u cer to  the  s tru c tu re  to be tested . The efficiency of th is coupling m ethod 
depends on th e  elastic  properties of the m a te ria l involved. (A new  approach has 
been developed which uses transducers th a t  do not n eed  coupling).
Basic u ltraso n ic  testin g  system s use w a te r as an  in te rface  w here th e  specim en 
is im m ersed  in  a w ate r tan k  and  the tran sd u cer is held in  position by a 
m an ip u la to r so th a t  the o rien tation  and  distance from  the specim en can be 
adjusted. T he transducer can also be scanned re la tiv e  to the specim en, usually  
autom atically . Inform ation can be obtained about th e  specim en condition and  
p resen ted  in  a num ber of ways. The m ost usual b e in g  the A, B an d  C scans
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w hich are  a lso  applicable to non-im m ersion system s.
(A) The A-Scan.
T his techn ique  is one of the  sim plest m ethods of p resen tin g  inform ation. Figure 
6.8 shows a  schem atic d iagram  of th e  equ ipm en t th a t  can be used to perform  
such  a test. T h e  heart of the equipm ent is an  u ltrason ic  test-se t, w hich is an 
in s tru m e n t t h a t  contains the necessary  electronics to produce the signals th a t 
cause an  u ltra so n ic  tran sd u cer to genera te  sounds, to receive and am plify the 
signals  g en era ted  by the transducer in  response to  incident u ltrasonic energy, 
an d  to d isp lay  th e  resu lting  inform ation on an  oscilloscope screen. The drive 
signal to th e  u ltrasonic  transducer will norm ally  be a high am plitude voltage 
spike w hich th e  transducer converts into a  pu lse  of u ltrason ic  energy. 
U ltrasonic  w aves are then  in terac ted  w ith  the  specim en, its boundaries and  any 
defects th ro u g h  couplant.
In  general, u ltrason ic  energy is both tra n sm itte d  th rough the  specim en and 
reflected  from it. The tran sm itted  energy m ay  be detected by a separa te  
tran sd u ce r located  on the  far side of th e  specim en, in  w hich case the process 
is called T hrough  T ransm ission, a lte rn a tiv e ly  th e  reflected energy m ay be 
detected  by th e  sam e tran sd u cer acting  as both  tra n sm itte r  and  receiver and 
in  th is  case th e  procedure is called Pulse Echo. In  e ith er case the received 
acoustic energy  is converted into electrical energy by the receiving transducer, 
am plified and  displayed by the test-set. M ost production inspection of 
com posite com ponents is perform ed in the  T hrough T ransm ission  mode allowing
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Table 6.1 U ltrasonic Interaction.
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Oeiay Oue To
F ig u re  6.8: An u ltrasonic  A-scan system  [50].
a g re a te r  th ickness of m a te ria l to be tested . In-service in sp ec tio n  due to 
physica l constra in ts  like access only being available from one side of a 
com ponent m ay often need to be carried  ou t using  a Pulse Echo technique.
W hen  the am plitude of th e  u ltrasonic w aves received by the tra n sd u c e r  are  
d isp layed  as th e  vertical deflection on an  oscilloscope screen  w hile the 
ho rizon ta l deflection corresponds to tim e, an  A-scan display is p roduced. This 
consists  of a series of spikes whose position along the  horizontal ax is  can be 
ca lib ra ted  in  te rm s of dep th  in the  sam ple u n d er te s t so th a t the  position  of a 
reflection  can be m easured . The am plitude of each echo w ill give some
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ind ication  of the size and  n a tu re  of the reflector, w hich m ig h t be a defect or a 
specim en boundary.
The A-scan type of display can  also be u sed  w ithout an  im m ersion ta n k  when 
the  u ltrason ic  transducer is coupled to th e  specim en by a  th in  grease or gel 
film. I f  a defect is p resen t a n d  of a type th a t  reflects a large fraction of the 
inc iden t sound-w ave, th en  only a  very sm all proportion w ill propagate beyond 
the  defect. Any additional reflections w ill be sm all an d  p a ss  undetected. The 
re su lt is th a t  the  m ateria l in  th e  shadow region behind th e  first defect will not 
be inspected  and  additional defec ts may no t be found. T h is effect is im portan t 
in  de te rm in in g  dam age.
(B) The B-Scan.
I f  th e  tran sd u ce r used  for record ing  A-scan is moved lin early , u sually  by a 
m otor drive, in  a p lane paralle l to  th a t of th e  com ponent, a  num ber of A-scans 
can be recorded corresponding to  d ifferent positions across th e  specim en. The 
basic princip le is illu stra ted  in  F ig u re  6.9. The A-scans can  be combined on a 
d isp lay  device like a storage oscilloscope so th a t  the h o rizon ta l deflection is 
proportional to the transducer position, th e  vertical deflection  is proportional 
to tim e (or d ep th  th rough the sam ple) and th e  stored in te n s ity  is m odulated by 
th e  am plitude  of the  received reflections. T h is type of d isp lay  is called a B-scan 
and  corresponds to a slice tak en  through the  sam ple, n o rm al to the surface. 
W ith th e  B-scan type p re sen ta tio n  it is possible to e s tim a te  the depth  of 
reflections an d  th e ir  la te ra l e x te n t along th e  axis of tra n sd u c e r  m ovem ent.
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Figure 6.9: B-scan u ltraso n ic  system  [50].
(C) The C-Scan.
In th is type of inspection , a more complex scanning system  is used  such th a t 
the  tran sd u cer is scan n ed  in  a plane parallel to the  sam ple in  a rec tilinear 
ra s te r  p a tte rn  as show n in  Figure 6.10. In older sy stem s a recorder pen is 
m echanically coupled to th e  transducer m an ipu lato r so th a t  the pen produces 
the scanning p a tte rn , norm ally  on cu rren t sensitive p ap er. M odem  system s are 
linked to com puters allow ing full colour graphics o u tp u t to screen an d  plotter.
In  an im m ersion system  th e  transducer is scanned in  th e  w ater ta n k  above the 
sam ple. If  a single tra n sd u c e r  is employed in  the pulse-echo configuration a 
glass reflector p late  p laced
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F igure  6.10: C -scan  u ltrasonic  system  [50],
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behind th e  sam ple is often used. In th is  case th e  echo am plitude  plotted 
corresponds to th a t  o f the u ltrason ic  pulse th a t  h a s  propagated  th ro u g h  the 
sam ple, been reflected  by the  g lass reflector p late, a g a in  propagated  th ro u g h  the 
sam ple an d  re tu rn e d  to the  transducer. Hence, th e  am plitude of th is  signal 
corresponds to th a t  of a wave th a t  has travelled  th ro u g h  th e  sam ple tw ice so 
th a t i t  is called Double Through T ransm ission  technique. B ecause the 
m ism atch in  acoustic im pedance betw een the  w a te r  and  glass is so la rg e , very 
little  energy  is tran sm itted  th rough  the glass and  so in m ost cases it  can  be 
considered as  a perfect reflector.
This system  h as th e  advan tage th a t  to a  good approxim ation, neg lecting , for 
exam ple, changes in  th e  sam ple reflectivity, the  am p litu d e  of th e  g lass reflection 
can be considered as  proportional to the a tte n u a tio n  of sound in  th e  sam ple. 
This echo is also well sep ara ted  in  tim e from other reflections and  hence is easy 
to m onitor. This is done by using  a tim e-gate w hich converts the  am p litu d e  of 
the  largest reflection w ith in  a p resen t tim e in te rv a l. O ther g a tin g  techn iques 
can be used  such a s  back w all reflection w here a  more precise g a tin g  is 
required.
(D) Other Ultrasonic Techniques
(1) Ultrasonic Jet Probes A commonly used technique w hich s till uses 
w a te r as a couplant. H ere the  com ponent is n o t im m ersed, in s te a d  the 
coupling w ater im pinges onto the surface of th e  com ponent in  a  je t  along 
w hich th e  u ltraso u n d  travels. The w a te r je t  a c ts  as a w aveguide to  the 
sound. The m ain  difficulty is to m ake sure , by correct design of th e  probe
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assem bly , th a t the w a te r  flow is lam inar. Because the  so u n d  is guided 
down th e  w a te r je t  considerab le cu rv a tu re  can be to le ra ted  in  a specim en. 
T his techn ique  is g en era lly  used in  th rough  tra n sm iss io n  and  a t  
frequencies below abo u t 10MHz. For large com ponents i t  is the m ost 
p opu la r technique used  in  th e  aerospace in d u stry  for p roducing  Through 
T ran sm iss io n  C-scans.
(2) Roller Probes In app lica tions w here th e  com posite m u st n o t come into 
contact w ith  w ater, ro lle r probes can  be used. T h e  u ltrasonic  
tra n sd u c e r  elem ent is h e ld  inside a  w heel and  th e  sound p ro p ag a ted  into 
the  specim en  th rough  a  soft rubber tyre. This technique is g en era lly  used 
a t  low frequencies an d  can  be used for th e  rap id  detection  o f in-service 
dam age b u t  is not rea lly  su itab le  for its  de tailed  charac teriza tio n .
(3) Laser Techniques.
U ltra so u n d  can be g en e ra ted  and detected  in  com posites u s in g  lasers. 
Such a sy stem  has th e  following advantages:
(a) T ran sd u cers  do n o t need to be in  contact w ith  th e  sam ple or 
coupled  to it by a  w a te r  path .
(b) T he generation  a n d  reception of u ltraso u n d  is com paratively  
in sensitive  to th e  o rien ta tio n  of th e  sam ple re la tive  to  the lase r 
beam s.
(c) S can n in g  system s can  be sim ple an d  fast.
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(4) Stress Wave Factor (SWF) T his technique seeks to ch a rac terise  a 
composite by in v es tig a tin g  the w ay in  w hich it  modifies an  u ltrason ic  
pulse th a t  travels  th ro u g h  it. Pu lses of u ltrasound  are  in jected  in to  the 
com ponent from a p u lse r  and  tran sd u ce r and  a re  detected  some d istance 
aw ay on the  sam e side of the  com ponent. The pulses are  seen  as
stim u la ted  acoustic em issions and a re  detected  and  processed as such.
(5) Acoustic Back Scattering.
In  th is technique th e  sca tte rin g  of sound w aves back along th e ir  incident 
p a th  is m easured  as a  function of th e  orien tations since a m axim um  is 
observed in  th e  reflected  am plitude w hen the  u ltra so u n d  is incident 
norm al to the  fibre axis. F ibre w aviness and  cracks can also be detected.
(6) Polar Scans.
The polar scan d isp lays the  a tten u a tio n  of a received signal as a 
b righ tness m odulation  on a  polar d isp lay  w hen the  angle of incidence is 
varied  to cover the an g les  of h a lf  a sphere. The re su ltin g  p ic tu re  is 
ra th e r  com plicated b u t  it  is though t to  provide a unique fin g erp rin t o f a 
specific lam inate  being  sensitive to ply stack ing  o rd er and fibre 
orien tation .
(7) Velocity Measurement.
This technique has th e  advan tage  of being sim ple to m easu re  accurately  
in  all bu t very th in  specim ens. It is th ough t th a t  the velocity norm al to 
th e  fibres is sensitive to  fibre volum e fraction and  m atrix  porosity  and  
also to th e  s ta te  of cure  for some resin  system s.
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(8) Imaging Systems.
A considerable am ount of w ork is being carried  out in to  u ltraso n ic  
im ag in g  system s w ith  aim s tow ards im ag ing  dam age in  com posites.
Defects Detected Using Ultrasonics
(1) Surface-Breaking Defects.
O ften  one finds a m ajor division in  u ltraso n ics  betw een the  detec tio n  of 
those  defects w hich lie on the  accessible surface and  those on th e  back 
w all o f the  specim en. However, i t  is th e  la t te r  w hich a re  m ost o ften  and 
m ore easily  located and sized.
(2) Cracks .
C rack-like defects are  generally  good specu la r reflectors of u ltra so u n d . 
T hey  m ay  be read ily  detected if  a  n ear-no rm al incidence can be a rran g ed . 
T here  a re  two basic problem s, how ever. F ir s t  the  ach ievem ent o f  n e a r­
no rm al incidence im plies some control over th e  te s t geom etry, a n d  this 
m ay  no t exist. In  inspecting  for n ear-su rface  cracks, for in s ta n c e , it is 
very  difficult to obtain a good reflection w ith  a single probe a n d  this 
inspection  has trad itionally  a low success ra te . On th e  o th e r h an d , a 
n ea r-n o rm al crack on the  far surface can provide an  alm ost perfec t corner 
reflector, inspection w ith  a single angled-probe is a lm ost ideal for such 
a defect. The second problem is th a t  cracks them selves m ay be sem i­
tra n s p a re n t so th a t  the am plitude  of reflection m ay be a m islead ing  
guide to the  im portance of th e  defect. M oreover, the deg ree  of 
tran sp a ren cy  m ay vary  as a function  of the  life of the  s tru c tu re  under
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tes t, o r w ith  its  loading, reg ard less  o f w h e th e r th e  defect h as  ex tended . 
In  th is  way, rep ea t m easu rem en ts  can  become confusing.
(3) Wall Thinning, Denting.
The detection  of these defects is n o rm ally  only a problem  if  th ey  occur on 
the  fa r  side of the  specim en. The u ltra so n ic  te s t  th en  becomes one of 
m onito ring  changes in  w all th ickness.
(4) Surface Hardness.
Surface trea tm en ts  of m a te r ia ls  can affect the local elastic p ro perties. 
These effects m ay be m on ito red  using  u ltrason ics.
(5) Buried defects.
Inclusions and lam inates bonding a re  less easily  m onitored u s in g  
u ltraso n ic  techniques.
6.4 Acoustic Emission and Acousto-Ultra-Sonics.
E lastic  s tre ss  w aves are  g en era ted  as v ib ra tio n s w ith in  a s tru c tu re  w h en  a 
ra p id  release of energy as a function  of an  ac tin g  process occurs. As th e se  
w aves reach  th e  surface via p ropagation  th ey  w ill produce sm all m o m en tarily  
su rface  d isp lacem ents [60-63], In  re a l  com ponents the surfaces play a  v ita l role 
w ith  w aves such  as longitudinal, sh e a r , p la te  a n d  rod ones possibly produced. 
U su a lly  the produced s tress w aves a re  of low am plitude  and  high frequency  
o u tside  of th e  audible range of th e  hum an  e a r , so sensitive tran sd u cers  a re  
req u ired  to d e tec t and  am plify the  v e ry  sm all su rface  d isplacem ents associa ted  
w ith  the  waves.
T he m ost popu lar type of tran sd u ce rs  used to m onito r th is  kind of s tre ss  w ave
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em ission or acoustic em ission (AE) [64-71] are  piezoelectric ones w hich  convert 
the  su rface  d isplacem ent into an  electric  signal. Such a  system  is shown in 
F igure 6.11.
The e lec trical signal which app rox im ates a  decaying sinuso id  from the  
tra n sd u c e r  is am plified and  d ig itized  w ith  th e  crystal left undam ped . The 
analogue voltage (V) versus tim e (t) and  its  ring-dow n and  e v en t counting 
d ig ita l fo rm s are  show n in Figure 6.12. This signal can be app rox im ated  by the  
following expression:
V = [ Vp Sin (27tft).exp ( - t /t) ] 6.(44)
where:
f  R esonant frequency of th e  tran sd u ce r
t : Decay tim e
V p : P eak  voltage
T he often encountered  problem in  (AE) is one o f quan tify ing  th e  num erous 
signals  w h ich  m ay be detected d u rin g  a  test. The sim plest m ethod  to  obtain an  
ind ica tion  o f acoustic em ission ac tiv ity  is to count the n u m b er o f am plified 
pu lses w hich  exceed an  a rb itra ry  th re sh o ld  voltage V,. T he n u m b er of ring- 
dow n coun ts can be com puted from th e  following expression:
Nr = fit.In  (Vp/Vt) 6.(45)
I t  is som etim es convenient to record a  count of u n ity  in s tead  of m u ltip le  counts 
ob ta ined  th ro u g h  ring-down counting. This can  be achieved electronically  by 
choice of d ead  tim es resu ltin g  in  ev en t counting. The previous two m ethods are 
th e  m ost frequency used  techniques for m onitoring  com posites u n d e r  stress.
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F igure 6.11: Acoustic E m ission system  and  Defect frequency response 
spectrum  [60-61].
A.E s tu d ies  of polym eric m atrix  com posites w ith  aligned fibres and com plex m at
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F igure 6.12: S tress Waves in te rp re ta tio n  through r in g  and event counting [64]. 
configurations have dem onstrated  th a t em issions, ind ica ting  m icro-dam age can 
be detected  a t low stress as shown in Figure 6.13.
C ounting techniques give some m easure of dam age. Often a specified num ber 
of counts m ust not be exceeded during pressurizing /loading  for a com ponent to 
be accepted and a te s t m ust be term inated  if  a su d d en  increase in  the count 
ra te  occurs, which is an indication of gross d am ag e  and possibly im pending 
failure. So, for a com ponent to be accepted the count h as  to fall below a certa in  
ra te  w ith in  a specific time lim it.
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F igure  6 .13: Effect of load on s tre ss  w ave am plitudes in com posites [64].
AE c o u n tin g  techniques have been successfully  applied to com posites u n d er 
cyclic lo ad in g  and i t  h as  been found th a t  th e  onset of dam age is accom panied 
by a su d d e n  increase in  count ra te  w hich is  m ain tained  during  su b sequen t 
cycles as th e  fatigue cracks propagate. T h e  sources of these em issions a re  
th o u g h t to be:-
(a) M icro-dam age m echanism s, such as m a trix  cracking and  d e lam ina tion  as 
a fu n c tio n  of fatigue cracking.
(b) F r ic tio n  noise due to the rubbing  to g e th e r of the  fracture surfaces d u rin g  
the  u n lo ad in g  stage  of each cycle.
A lim ita tio n  o f  the counting techniques is t h a t  they cannot be used to  determ ine  
the dam age m echanism s. D am age m echan ism s th a t can produce em issions in 
com posites a re :
(a) F ra c tu re  of fibres
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(b) F rac tu re  of m atrix
(c) F ib re -m atrix  debonding
(d) F ibre  pull-out
(e) R elaxation  of fibre a fte r  failure
(f) L arge  flaw s such as in te rla m in a r defects
(g) F rac tu re  o f b rittle  in terfacial layers
For d e ta iled  inspection the  peak  am plitude of th e  am plified acoustic s ig n a l (V ) 
can  be m onitored. This p eak  voltage is a function of th e  acoustic em ission 
en erg y  (EA) and is re la ted  th rough a co nstan t (a )  w hen  a n a rro w  band 
in s tru m e n ta tio n  is used an d  expressed as:
I f  only  one type of source event is isolated over a m onitoring period, the 
a m p litu d e  d istribu tion  is often found to obey a pow er law as:-
n. = ( v ; v o r b 6 (4 7 )
W here:
n , F rac tion  of the em ission population whose peak voltage exceeds Va.
V0 : The low est detectable voltage
b D istribu tion  charac teristic  constan t
The am p litu d e  d istribu tion  in  a com posite is complex, com prising a n u m b er of 
peaks, each  can be a ttr ib u te d  to a p a rticu la r m icro-dam age m echanism s w ith
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fibre frac tu re  producing h igher signal th a n  m atrix  c rack in g  and/or crack 
grow th. However, u n d e r certa in  conditions o ther m echanism s m ay  also produce 
even ts of h igh  am plitude as show n in F igure 6.14. As well a s  identifying the 
operative m icro-dam age m echanism s, am plitude d istribu tions can  also ass is t in  
the  detection  of gross flaws in  a composite.
Carton Ebre epoxy composites: a) deiaminadon
b) fibre fracture
c) mixed mode
F igure  6.14: AE response to d ifferen t types of composite d am ag e  [64],
C h arac te risa tio n  of an  AE signal can  also be done using even t du ra tio n . It is 
th o u g h t th a t  long d u ra tion  events (LD E’s) of m edium  am p litu d e  may be the
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re su lt of delam ination . Also bond failure and cracks ca n  be identified  w ith  th is  
m ethod.
Locating the  source o f dam age is also possible w ith  A E  by m easu ring  the tim e 
of a rriva l of an  em itted  signal from a given source a t  different points u sin g  
m u lti-tran sd u cer process, Figure 6.15.
F igure 6.15: AE detec tion  using dual tran sd u cer p rocess [64].
However, the  signal is expected, and  does suffer a tte n u a tio n  w hich can be 
re la ted  to th e  following physical causes:
(a) Geom etric sp read ing
(b) Energy absorption  by the m ateria l
(c) W ave dispersion d u e  to frequency dependence
In  polym er m atrix  com posites, two m ain  problem s are  faced:
(a) H igh signal a tte n u a tio n  and acoustic m ism atch.
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(b) D irec tional velocity a tten u a tio n  due to fibres alignm ent.
To m easu re  th e  severity  of dam age in  com posites the Felicity  ra tio  is used, 
w hich depends on loading and reloading  a  s tru c tu re  w ith  no AE em ission 
g enera ted  u n til th e  previous load is exceeded. The lower th e  ra tio  the  g re a te r  
th e  dam age is th o u g h t to be.
AE can also be m easu red  as a function of s tre s s  wave pulsed in to  th e  s tru c tu re  
w ithou t th e  com ponent being stressed  itself. T his is an  acousto-ultrasonic 
m ethod an d  it  m easu re s  the  in teg ra ted  effect of the  dam age s itu a te d  in  the 
region betw een  th e  pu lser and  the tran sd u cer. By scanning  th e  pu lser an d  the 
receiving AE tra n sd u c e r  over a com ponent i t  is possible to locate a  defect. The 
received signal decreases w ith  increasing  flaw  conten t and  dam age w ith in  a 
com posite and  th e  technique is used to in spect porosity  content, fibre alignm ent, 
condition of re s in , im pact dam age, fa tigue dam age and  bonds.
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CHAPTER 7
VISUAL AND OPTICAL TECHNIQUES
7.1 Introduction.
V isua l inspection  is th e  o ldest known form  of NDT. For a long tim e th e  h u m an  
eye h a s  been used  to inspect products, observe sym ptom s an d  detect 
ab n o rm alitie s .
V isual te s ts  by h u m a n  observers a re  u sually  employed to observe some 
p o te n tia l change in  a  com ponent and to verify, u sing  a reflected or tra n sm itte d  
lig h t i f  th e  m odification o f th e  com ponent is critical. A sign ifican t flaw  or 
com ponen t dam age is the  one th a t is unacceptab le  from safety  and  re liab ility  
po in ts  o f view. U niform  resu lts  betw een  observers can be difficult w ith  
tra d itio n a l v isual inspection. Special v isu a l tra in in g  and verification of each 
o b serv er’s v isua l capab ility  a re  m inim um  req u irem en ts  to provide a degree of 
confidence. A s ta n d a rd  of critical capab ility  for any  given type of v isual 
in spec tion  w ould b est be based  on m in im um  allow able defect size, lum inance, 
d is tan ce  an d  o th e r s igh t v ariab les  th a t  m u st be considered.
T ra d itio n a l v isu a l inspection  is the obvious choice w hen  the need is for sim ple, 
d irec t exam in a tio n  of a  com ponent to verify  its  g enera l surface ch a rac teris tic s  
an d  to scan  for abnorm al differences. The p a ra m e te rs  being checked should  be 
w ell w ith in  the  average observers v isual d iscrim in a tin g  ability.
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Access, noise, fa tigue  and  consistency a re  factors th a t m ust be considered . The 
p rim ary  d isadvan tage  of classic or trad itio n a l v isual inspection tech n iq u e  is th a t 
conclusions a re  m ade reg ard in g  surface condition and not beyond, w ith  some 
locations being h a rd , if  no t im possible to reach. In addition, the  n o rm a l h ea lthy  
eye perceives lig h t best in  th e  550-560nm  w avelength, w hich m e a n s  th a t  a t 
th ese  w aveleng ths the eye absorbs a given am ount of energy as th e  b righ test. 
As w avelengths increase or decrease from 500nm , it  is more d ifficu lt for the  eye 
to ad ju st. Below w avelengths of 400nm  or above 700nm, the n o rm al eye cannot 
perceive the  ra d ia tio n  v isually . R ad iation  in the  400-500nm a n d  570-700nm  
w avelength  ran g e  requ ires la rg e r am oun ts of energy in order for th e  norm al eye 
to sense  b rig h tn ess  th a n  does rad ia tio n  in the 500-560nm range.
The reciprocal v a lu e  of th e  le a s t am o u n t of light a t  each w aveleng th  required  
to produce eq u a l b righ tness a t  a ll w avelengths can be p lo tted  against 
w avelength  to produce a g rap h  of th e  lum inosity  function as show n in F igure 
7.1.
V isual inspection  is used in  nondestructive  autom otive inspection th ro u g h  optics 
and  visible ligh t, u ltra-v io let and  in frared . However, since an y  w aveform s 
outside the  v isib le  range would p ass  undetected  by the  h u m a n  eye, 
sophisticated  in s tru m e n ta tio n  (hardw are  and  software) have been developed to 
enable not only detection  of p a r tic u la r  w avelengths bu t also to convert the 
detected  ones in to  the  visible range for the  operator to in te rp re t for research  
and  developm ent an d  to feedback to th e  m achine to determ ine th e  th resh o ld  of
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F igure  7.1: L um inosity  function used  in  v isu a l NDT [41]. 
defect levels and  to a sse ss  the level of dam age. The m ost favourable form of 
d a ta  d isplay  is in  th e  form  of an  im age w hich  gives a com prehensive and 
effective w ay of on-line inspection.
7.2 Infrared and Thermal Recording
In fra red  rad ia tion  d iffers from visible ra d ia tio n  m ainly w ith  regard  to length  
of th e  electrom agnetic w aves. Red ligh t h as  a  longer w avelength  th a n  blue, and 
in fra red  rad ia tion  has a  longer w avelength  th a n  e ither (Figure 7.2). In  all o ther 
respects, these  rad ia tio n s  behave sim ilarly . T hey  travel th rough  space in  the 
sam e w avefront configuration  a t th e  sam e speed. They can be reflected by 
ap p ro p ria te  m irrors, a n d  th e ir  p a th s  can be b en t and focused by the  proper 
refractive elem ents or lenses. The efficiency w ith  which visible and  in frared
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ra d ia tio n s  are  tra n sm itte d  or reflected by various m ateria ls  can  vary  
considerably.
A t a ll te m p e ra tu re s  above absolute zero (-273°C), every object em its energy  from 
its  su rface  in th e  form  of a spectrum  of d iffering w avelengths and in tensities. 
The ran g e  of w avelengths em itted  an d  the  in tensity  of em ission depends upon 
th e  abso lu te  tem p e ra tu re  and the  em issiv ity  of the surface. As th e  object 
becom es ho tter, th e  am ount of energy em itted  a t  each w avelength increases. 
In  add ition , the  ran g e  in  which rad ia tion  occurs broadens to include shorter 
w aveleng ths. T he peak  moves from the long w avelength end of th e  in frared  
sp ec tru m  tow ards the  sho rt w avelength, an d  as the tem p era tu re  increases 
below abou t 775K  (500°C), the rad ia tio n  is m ostly  in frared  energy. A t about 
525K  (250°C), enough n ea r in frared  energy rad ia tion  is p resen t to be detected 
by sen sitiv e  record ing  m ateria ls.
C a p tu r in g  im ages can  be achieved th rough  reflected in frared  rad ia tion  and  n ear 
in fra re d  w hich can  be produced from, for exam ple, tungsten-filam ent lam p and  
in fra re d  rad ia tio n  d irectly  em itted  from  objects th a t are them selves h o t or even 
incandescen t, an d  far in frared  or longwave. Such recording is done by 
e lectron ic  detection and  subsequent d isplay  a t  visible wave lengths.
T h erm al nondestructive  testin g  can be em ployed to detect inclusions an d  flaws 
th a t  d iffer in th e ir  h ea t tran sfe r p roperties from the undam aged s tru c tu re . 
W hen ex te rn a l h e a t is applied, the presence of defects affect the no rm al hea t
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flow p a tte rn  of the  struc tu re . I f  th is  h e a t  propagation  is a lte red  sufficiently, a 
te m p e ra tu re  d istribu tion  profile can  be realized. T his d is trib u tio n  is then  
re la ted  to th e  existence of inclusion flaw . In frared  devices an d  tem p era tu re  
sensitive  coatings (e.g. liquid crystals) a re  two of the  m ost p rac tica l tem p era tu re  
classifiers.
(I) Liquid Crystals .
T hese a re  flu ids consisting of stiff  rod-like  organic m olecules w hich can form 
s tru c tu re s  w ith  some order. They th ere fo re  exhibit some of th e  properties of 
c ry sta llin e  solids. O rdering  of the rod-like m olecules m eans th a t  th e ir  bulk 
p ro p erties  a re  highly anisotropic (F ig u re  7.3).
T hese organic m olecules are  blended w ith  dyes to produce com pounds th a t  have 
colour tra n s itio n  tem p era tu res  a t  a lm o s t any tem p era tu re  from -20°C to 250°C 
an d  colour p lay  ranges of 1°C to 50°C. For m ost liquid c rysta ls  th is  process is 
reversib le  upon  cooling, the colour ind ica tin g  response ran g es from 30mS to
0.1S. The colour is uniquely  defined for a specific te m p e ra tu re  range  and 
te m p e ra tu re  reso lu tion  can be w ith in  0.1°C.
L iquid  c ry s ta ls  can be m odelled as m u ltip le  layers of tw o-dim ensional crystals 
[103-106] in  w hich layers are allowed to  slide over one ano ther. In  a  stack  of 
liqu id  crysta l layers, ad jacent layers a r e  ro ta ted  in  the  p lane re la tiv e  to each 
o th e r in  a he lical m anner. W hen, w h ile  light s trik es  th e  liqu id  crystals, a 
portion  of th e  light, the  pa rticu la r w aveleng th  being de term ined  by the  pitch of
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th e  helical s tru c tu re , is reflected. Such a w avelength  receives m axim um  
re in fo rcem ent due  to  B ragg  diffraction. Because th e  p itch  o f th e  helical 
s tru c tu re  is tem p e ra tu re  dependent, the  reflected w avelength  is tem p era tu re  
dependen t. I f  th e  w aveleng th  is in  the  visible range, the crysta ls  ap p ear to 
change colour w ith  v a ria tio n s  in tem pera tu re .
A com m ercial new  version  of the above is the  T herm al Colour OR. These 
reversib le  h e a t sensitive  m a te ria ls  consist of two com ponent substances:
(i) E lectron  D onor (ii) E lectron Acceptor
T hese m a te ria ls  show  a chrom atic colour a t  the  crystallized  s ta tu s  by the 
in te rac tio n  of these  substances.
W hen a  colour c rysta lline  is heated , it becomes colourless as th e  electron 
accep to r is solved, an d  the  rad ical in terac tion  is stopped. This m eans it  is 
possib le to ob ta in  th e  colour changes of/from colourless an d  to/from chrom atic 
revers ib ility  an d  repea ted ly  by the  optional selection of electron acceptor w ith 
specific m elting  point. T his choice also determ ines th e  type  of colour tran sfe r 
p ro p ertie s  (F igure 7.4).
The typical th e rm al nondestructive  te s tin g  procedure u sing  liquid crystals 
involves apply ing  an  a p p ro p ria te  layer of liquid crystals. T he object u n d e r te s t 
is th e n  h ea ted  hence causing  th e  deposited layer to em it colours w hen  the 
te m p e ra tu re  is w ith in  th e  colour-play range and  re su lts  in  m apping  of the
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surface te m p e ra tu re  d istribu tion  o f the te s ted  struc tu re .
For m ost fibre reinforced com posites, s lig h t varia tions in  th e  fabrication  
p rocedures, curing  cycles and ra te s  of h ea t-u p  can have m ajor effects on the 
m echan ical p roperties w ithou t effect on the  v isual appearance.
Defects su c h  as  delam inations, cracks, voids, inclusions, im proper resin  to fibre 
ra tio , and  u n cu red  resin . Such dam age, i f  undetected  m ay  lead to service 
failures.
Liquid c ry s ta ls  are inexpensive th e rm a l ind icato rs th a t  can  o pera te  over a wide 
range  of te m p e ra tu re s  an d  are found to be effective in d etec ting  well defined 
inclusions. By using  a video cam era  the su rface  tem p e ra tu re  profile can be 
e lectron ically  processed an d  in telligen tly  analyzed  (Figure 7.5). However, the 
advan tages o f  th is  th e rm a l techn ique is underm ined  due to its  contacting  
n a tu re . In f ra re d  therm o-im aging using  an  IR  high reso lu tion  video cam era 
in terfaced  to  b o th  video recorder and  personal com puter is non-contactable NDT 
technique b u t  is p referred  due to its  speed, resolution  an d  v e rsa tility  even 
though it is a  m uch more expensive technique to employ.
(II) IR Thermo-imaging.
(A) General
T herm oim ag ing  (electronic therm ography) is essen tia lly  an  in fra red  rad ia tion  
from the  sam p le  w hich subsequen tly  converted into an  electrical signal
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F igu re  7.5: V isual processing of Liquid C rystals profile [103].
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g en e ra tin g  a real-tim e therm al image.
Two therm ograph ic  m odes can be realized:
(i) P assive  Mode:
H ere  the  rad ia tio n  is supplied  by the  sam ple w h ich  should possess an  
in fra red  tem p era tu re  d ifferen tia l relative to the  background.
(ii) Active Mode:
T h is is achieved through inducing of tem p era tu re  d ifferen tia ls into the  
m a te ria ls  as it  is subjected to a tra n s ie n t pulse of th e rm a l energy  on one 
side o f the m ateria ls . T his tem p era tu re  across the surface of the  
m a te ria l is a function of th e  m a te ria l’s in te rna l s tru c tu re .
As a re su lt of defect presence, th e  therm al ch a rac teris tic s  of th e  m a te ria ls  
ev idently  affect the  re su ltin g  im age which has dynam ic  charac teristics 
depending  on the th e rm al diffusivity  of th e  m aterial.
The te s t s tru c tu re  can be inspected  in two ways:-
(1) E xam ination  in  the  reflection mode, w here defects n e a r  the fron t surface 
re s tr ic t the  ra te  of cooling an d  hence create "hot spots".
(2) T ransm ission  mode: Defects n ear the  surface a p p e a r  as "cold spots" by 
im ped ing  the flow of th e rm al energy.
U sing therm oim aging  we can ob tain  inform ation reg a rd in g  the  following
param ete rs :
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(a) T h ickness varia tio n
(b) M a te ria l con ten t hom ogeneity
(c) Porosity
(d) Defect d im ensions
However, d irec t dep th  m easu rem en t is no t possible and  defects fa r from the 
surface have le ss  effect th a n  those n ea r th e  surface. To provide sufficient 
tem p era tu re  c o n tra s t, th e  m ateria l requ ires a sufficient q u a n tity  of heat. The 
ac tu a l te m p e ra tu re  rise  of a  s tru c tu re  is affected by:
(1) The a m o u n t of energy  inc iden t on th e  m ateria l
(2) The ra te  o f absorp tion
(3) The dynam ic  th e rm al p roperties of th e  m ateria l
Since the s teep n ess  of the  tem p era tu re  g rad ien t provides th e  required  "contrast" 
betw een defective and  non-defective areas, a  fa s t pulse as a source of h ea t m u st 
be used for a ra p id  tem p era tu re  rise . This rap id  rise is g enera ted  th rough 
d ischarg ing  sev e ra l kilojoules th rough  xenon flash  tubes w hich are directed  a t 
th e  a rea  of in te re s t.
The tem p e ra tu re  d ifferen tia l across th e  surface of the m a te ria l w ith a  defective 
p a r t  is a  function  of th e  following:
(1) Defect d im ensions
(2) Defect d e p th
(3) The in itia l rise  in  tem p era tu re
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(4) The m a te ria l th e rm a l p roperties
T em p era tu re  difference is g rea tes t sho rtly  after the  in itia l absorp tion  of th e rm al 
energy and  g rad u a lly  decays w ith  tim e. Therefore, it  is necessary  to m easu re  
tem p e ra tu re  over an  adequa te  tim e period which enables us to  de term ine  both 
th e rm al d iffusivity  an d  effusivity.
A m a tte r  of v ita l im portance  in  detec ting  flaws in  a  s tru c tu re  is th e  therm al 
conductivity  of th e  m a te ria l. I t w as show n [84] th a t  the  th e rm al conductivity 
of g lass fibre is in  th e  sam e order of m agn itude  para lle l as p e rp en d icu la r to the 
fibre. In  th e  case o f carbon fibre th e re  is qu ite  a big difference in the 
conductivity. The conductiv ity  p ara lle l to the  fibre w as found to  be m uch larger 
th a n  th e  one p e rp en d icu la r to it.
The m ost in te re s tin g  p a ram e te r is th e  size of the  defect. I t  w as found th a t 
c rite ria  to de te rm ine  th e  size of a defect is the tem p era tu re  derivative  of the 
surface u n d er observation . The derivative has its m axim um  a t  the  edge of the 
defect.
The suggested  c rite ria  h a s  proven to be able to determ ine the  size of th e  defect 
effectively for th e  purpose of therm ogram s in te rp re ta tio n  and  th a t  double sided 
technique (the h e a t source on one side and  the  detector on the  o ther side) gives 
a  b e tte r  reso lu tion  in  d ep th  bu t the single sided technique gives a b e tte r  spa tia l
resolution.
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Before te s ts  w ith  th e  IR scann ing  system  can be conducted, tem p era tu re  
d is trib u tio n  th ro u g h  th e  panel needs to be investigated. If  th e  core m a te ria l is 
exposed to a  tem p era tu re  above the  glass transition  (Tg) te m p e ra tu re , the 
m echanical p roperties of the whole s tru c tu re  will be affected. B ut since i t  is 
very  d ifficult to e s tim a te  the th e rm al properties of a p a rticu la r  m ateria l using  
calcu lations, it  is recom m ended th a t  therm ocouples are used to  determ ine  the  
th e rm a l p roperties of a healthy  sam ple and  set the  basis fo r the  re s t of the  
ex p erim en ts  (in sertion  of therm ocouples in  the  tested  stru c tu re ).
The p a ra m e te rs  to be investigated  to se t th e  grounds for IR te s tin g  are:
(1) Tim e to reach  a given tem p era tu re  on the surface next to  th e  h ea t source 
w ith  given ra d ia te d  energy from the  h ea t source.
(2) M axim um  tem p era tu re  on the  surface next to the  hea t sou rce  th a t would 
not cause a tem p era tu re  g rea te r  th a n  Tg anyw here in th e  s tru c tu re .
(3) M axim um  tem p era tu re  on th e  side opposite to the heat source for a given 
tem p e ra tu re  on th e  surface nex t to the  h ea t source.
(4) The tim e  in te rv a l during  w hich the  largest tem pera tu re  g rad ien t on the  
side opposite th e  h ea t source occurs.
Two obstacles are  repo rted  in therm o-im aging experim ents:
(i) The a ir  su rround ing  the te s t panels which absorbs en erg y  by m eans of 
convective cooling w hich can give spurious contrasts th a t  in  tu rn  cause 
difficulties in  d a ta  in te rp re ta tio n  w hen classical analysis a lgo rithm s are  
used.
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(ii) V ariab ility  in  surface em issiv ity  th a t  can cause confusing con trasts .
(B) Theoretical Considerations
Therm ography received  considerable a tten tio n  as a m edical d iagnostic  tool in 
the  la s t few years. E n g in ee rin g  applications of therm ography  began to  be seen 
in  the early  1980’s w ith  energy conservation, electronic circuits, q u a lity  control 
and  m ateria ls  s tu d ie s  each receiving a tten tio n . This w as m otivated  and 
encouraged by the  im provem ents in  th e rm al im aging system s hav ing  video 
recording and d ig ita l processing capabilities.
The use of th e rm o g rap h y  as a  nondestructive te s tin g  technique for assessing  
s tru c tu ra l in teg rity  o f  fibre reinforced com posites and  m onitoring  plastics 
m anufactu ring  p rocess is grow ing rapidly.
Both passive techn ique, w here th e  m a te ria l does no t itse lf produce therm al 
energy, b u t ra th e r  is  subjected to  h ea ting  (or cooling) by an  ex te rn a l source, 
producing im ages w h ich  a re  tra n s ie n t in  n a tu re  and  h a rd e r  to cap tu re  
therm ographically  b u t  provides th e  chance to fast te s t various geom etries, and 
active technique, w h e re  the s tru c tu re  is cyclically stressed  w hile its  surface 
tem p era tu res  are m onitored  therm ograph ically  causing h ea t to  d iss ip a te  from 
hysteretic  and  o ther effects lead ing  to tem p era tu re  d istribu tion  on th e  m a te ria l 
surface w hich can be re la ted  to  th e  d is tribu tion  of s tre ss  w ith in  the  m ateria l 
w ith  loadings such as d irect fa tigue  or v ib ra tion  (vibrotherm ography).
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F ig u re  7.6 show s the  u su a l se t up for passive  (one and  two sided) an d  active 
(v ibro therm ographical) techniques.
V arious m athem atica l (analy tica l and num erical) m odels have been p repared  
by v a rio u s resea rch ers  [79-82] to govern b o th  h ea t d istribu tion  w ith in  a 
s tru c tu re  an d  th e  IR  detection  process. T hese findings a re  as follows:
(1) I t  is claim ed th a t  in  pu lse  video therm ography  (PVT), based  on th e  ability  
to m easu re  te m p era tu res  over th e  full-tim e sequence of the  th e rm al ev en t th a t 
both th e rm a l d iffusivity  (TD) a n d  effusivity (TE) can be determ ined . TD is 
found to  be described by:
TD = 014 L 2 7.(1)
0 5
w here:
L M ateria l th ickness
K T herm al conductivity
Tim e a t  w hich m ateria l r isen  to h a lf  its  final tem p era tu re  
M ateria l d en sity  
M ateria l specific hea t
P
C
Chapter 7. VISUAL NDT TECHNIQUES. Page 96.
Figure 7.6: Passive and Active Therm ography [79-82],
Chapter 7. VISUAL NDT TECHNIQUES. Page 97.
T his expression is used to describe th e  double sided therm oim aging  technique.
U sing a single-sided techn ique, it is found th a t  th e  th e rm al effusivity (TE) of 
th e  m a te ria l as a function of a  square-pulse  of co n stan t h ea t flux (Q) applied  to 
th e  surface from tim e t  = 0 to  t  = t„ is given by:-
[ AT j -  -  -o
T he previous expressions a re  based  on the  following:
For a perfectly homogeneous m ate ria l, the  w avefront of h ea t passes th rough  
uniform ly. However, w here th e re  a re  defects, such  as delam inations, w ill crea te  
a h ig h er th e rm al im pedance to th e  passage of the  w avefront. Physically  w hen 
th e  defects a re  n e a r  to th e  surface, th ey  re s tr ic t th e  cooling ra te  due to the 
diffusion process, and  thereby  produce "hot spots". W hen the  surface is viewed, 
by a th e rm a l im ager, tem p era tu re  differences a ris in g  from the  presence of 
defects become clearly  visible sh o rtly  a fte r  th e  deposition of h ea t pulse.
O n th e  opposite (non-pulsed) side, because th e  defect im pedes the  passage of 
h e a t w hich w arm s the  surface, th e  defect ap p ears  as "cold spot" ag a in s t the  
background heat. The tem p e ra tu re  rise of the  h ea ted  surface is governed by the  
am o u n t of energy deposited an d  the  speed of app lication  com bined w ith  the
7.(3)
and
TE =
0.637 [Vq H -  ; Q 2( t - g ] 7.(4)
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th e rm al p roperties of the  m a te ria l surface. So, providing th e  pulse is fast 
enough, th e  diffusion process is to ta lly  controlled by the s tru c tu re  itse lf which 
also m eans th a t  the ra te  and  size of the  h e a t rise a t  the app rop ria te  surface is 
also governed by the m ateria l. The am o u n t of con trast observed a t e ith er 
surface is a  function of the  defect d im ensions an d  depth from the  observed 
surface, th e  in itia l tem p era tu re  rise  and  th e  m a te ria ls  therm al properties.
(2) D etection  of the therm oim aging  detection  process of defects w as modelled 
by various researchers, [88] . They a ttem p ted  to estab lish  d ep th  of defect and 
th e  change in  th e  s tru c tu re  th e rm al res is tan ce  based  on h ea t wave function. 
Two expressions were obtained:-
(A) T h e  'f u n d a m e n ta l ' e q u a t io n  o f  th e r m o g r a p h y :
L ' = (ToeoLo) + d - eo) • L. + (l-*o) • L,tm 7 (5)
w here:
L ' : R ad ian t em ittance  m onitored  by the  cam era
T0 : A tm osphere tran sm iss io n  coefficient
e0 : Object em issivity
Latm : A tm osphere ra d ia n t em ittance
La : A m bient ra d ia n t em ittance
L„ : Object ra d ia n t em ittance
For sh o rt d istances < 2 m etres, i t  is claim ed th a t  t0 approaches 1 hence 
equation  (5) becomes:-
From  these  expressions the  au tho rs h igh ligh ted  th e  im portance o f m easuring
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L' = eoLo + (1 -  Eo) L, 7.(6)
both  em issiv ity  and am b ien t tem p era tu re  to the  de term ination  of the  object 
abso lu te  tem p era tu re . The au tho rs also suggested  th a t  the  ou tp u t signal from  
the  IR  cam era  is proportional to the  m ain ta ined  ra d ia n t em ittance.
(B) Thermal Characteristics:
e .  + P r  + = 1 7.(7)
W here:
ea : Absorbed rad iation
P r  : Reflected rad ia tion
\  ■ T ran sm itted  rad iation
For a n  opaque, sm ooth and  polished surface:
e, + pr = 1 7.(8)
W ith th is  m ethod , m ateria l em issivity  can be obtained from m easu rem en t o f 
reflected  rad ia tio n s. For practical, rough surfaces, the  incident rad ia tions a re  
sca tte red , therefo re , b idirectional spectral reflections m easu rem en ts need to be 
perform ed.
The above techn ique and  m athem atica l m ethod w as also used by o ther 
re sea rch ers  [73] for the sam e NDT therm oim aging  purpose.
(3) F la t p la te  and  circu lar p late  models (analy tical and  num erical) are  used
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in  conjunction w ith  diffusion, 1-D and  3-D  expressions to ch a rac terise  flaw 
detection  .
7.3 Optical Techniques.
(a) Holography
O ver th e  p a s t few years, holography [122-124] has been successful in  testing  
vehicle s tru c tu re s  m ain ly  in  the  aerospace industry . The availab ility  of high 
speed holographic recording system s u n d e r  com puter control and  recen tly  the 
developm ent of electronic speckle in te rfe ro m etry  an d  electronic holography 
provided a usefu l tool for non-destructive testing . However, problem s in  such 
techn iques a re  found due to th e  difficulty in  in te rp re tin g  the  in te rfe rence  fringe, 
equ ip m en t se t-up  and  o ther sides of developm ent.
H olography uses coheren t ligh t from a la s e r  source to illum inate  th e  surface of 
an  object. C onventional holography re q u ire s  th a t all o f the optical com ponents 
from  th e  beam  sp litte r  (Figure 7.7) th ro u g h  to  the film, including the  te s t  object, 
to be held  in  a  rig id  m an n e r to preserve p a th  lengths betw een the  reference and 
th e  object beam  to w ith in  a fraction of th e  w avelength  of the  la se r lig h t during 
th e  exposure tim e. Except for pulsed la s e r  application, holography m ust 
im p lem en t a stab le  a ir  isolation te s t bench. Speckle reference beam  holography 
is a techn ique th a t  does not require  the u se  of a m irro r to reflect th e  reference 
beam  to th e  hologram  recording m edium , in s te a d  the reference beam  is focused 
to a spot on th e  object itself. Also, v ib ra tio n  iso lation  req u irem en ts  of 
conventional holography a re  significantly re laxed  w ith  th is  techn ique  an d  path
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le n g th s  betw een th e  record ing  m edium  and th e  te s t object a re  e ssen tia lly  phase- 
locked  to the  reference beam  for changes in  d istances betw een the object and 
th e  cen tre  line of th e  hologram . Object ro ta tion  and  tran s la tio n , how ever, are 
com pensa ted  only a t  the  s ig h t o f the  reference beam  location on the t e s t  object. 
To avoid the  superposition  of th e  real and  th e  conjugate im ages of th e  test 
ob ject, the  reference beam  is d irec ted  to a po in t to one side of the  illu m inator! 
a r e a  o f in te re s t (F igure 7.7). As seen  in  the  d iagram , th e  cam era , la se r an d  film 
p rocesso r are  bu ilt in to  one u n it, no v ibration  iso lation  is necessary . R eal-tim e 
p h a s e  locked hologram s u s in g  th e rm al loading have been used  to eva lua te  
com posite  s tru c tu res . V acuum -relaxation  s tre ss in g  is also used  in holography 
to o b ta in  a p a r tic u la r  p a tte rn . Phase-locked holography is used to  detect 
d a m a g e  such as cracks, m o istu re  and  unbonds.
(b) Shearographv .
T h is  techn ique is com plem entary  to holography in  the  sense th a t  it is u sed  in 
N D T  to  m easure  derivatives of su rface disp lacem ent w hile holography m easu res  
th e  d isp lacem ents them selves. B ased on laser principles, sh ea ro g rap h y  was 
o rig in a lly  designed for s tra in  m easu rem en ts  [125]. F igure 7.8 i l lu s tra te s  the 
p ra c tic a l a rran g em en t for th is  technique.
A p o in t source of coheren t lig h t illum inates the  s tru c tu re  u n d er te s t  but 
m u ltip le  frequency an d  m u ltip le  la se r  sources can be used. The im age is  then  
c a p tu re d  by an  im age-shearing  cam era. W hen conventional sh ea ro g rap h y  is 
u sed , a  photographic film in  th e  im age plane is exposed twice w ith  th e  object
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F igure 7.7: G eneration  o f hologram s using  H olography [124],
being deform ed betw een the  exposures. The processed photograph yields a 
fringe p a tte rn  show ing th e  derivatives of the  surface d isplacem ents. This fringe 
p a tte rn  is not read ily  visible on th e  processed photographic film b u t can be 
m ade visible by a h igh-pass fourier filtering.
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Figure 7.8: G eneration  of holograms using Shearography  [124].
E lectronic shearography provides in stan t, real-tim e shearographic im aging on 
a video m onitor by using  an  image shearing  e lem en t placed in  front of a  video 
cam era. An image is stored in a video fram e buffer. Subsequent video fram es 
a re  sub trac ted  in rea l tim e, and the resu lting  im age is  processed. Shearography 
can be applied to nondestructively inspect a wide ra n g e  of composite s tru c tu re s ,
Chapter 7. VISUAL NDT TECHNIQUES. Page 104.
and  inspect voids, cracks an d  m oisture.
In  detecting  flaw s, shearography  looks for flaw -induced s tra in  anom alies w ith  
no concern fo r iso lating  v ibration  an d  sim pler in te rp re ta tio n  for the  fringe 
p a tte rn s  com pared  to holography th a t  iden tifies flaws th ro u g h  flaw -induced 
d isp lacem ent anom alies. Both techniques produce fringe p a tte rn s  a fte r 
m easu ring  su rface  deform ation an d  in te rn a l flaws w hich influence the 
deform ation. B oth  techn iques are  used  to in spect p la tes and  shells w ith  flaws 
close to th e  su rface .
(c) Radiographical Techniques.
R adiography is  a  know n an d  recognised techn ique for th e  a ssessm en t of 
m a te ria ls  an d  produced com ponents. The techn ique is based  on d ifferen tial 
absorption  of p e n e tra tin g  rad ia tio n  (a , P, y a n d  X -rays) by th e  object u n d er test. 
Because of d ifferences in  density  an d  v a ria tio n  in  th ickness of th e  p a r t or 
differences in  abso rp tion  ch a rac teristics caused by varia tions in com position, 
d ifferent po rtio n s of a te s t  piece absorb d ifferen t am ounts of rad ia tion .
T his very sh o rt w aveleng th  electrom agnetic rad ia tio n  [137-142] can pen e tra te  
th rough  solid s tru c tu re s  b u t will p a rtia lly  be absorbed by the  m edium . The 
unabsorbed  ra d ia tio n  passing  through th e  p a r t can  be recorded on film , or photo 
sensitive p ap er, o r m onitored by various types of rad ia tio n  detectors.
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W hen an X -ray is absorbed a sca tte ring  process occurs due to atom ic in terac tion  
w ith  the  inc iden t beam . F our m ain  types of sca tte rin g  are  possible:-
(1) R ayleigh sca tte rin g
(2) C om pton sca tte rin g
(3) Photoelectric  absorption
(4) P a ir  production
F or m ost NDT applications the  sho rtest w aveleng th  X-rays are  th e  im p o rtan t 
ones since th ey  possess th e  h ighest p e n e tra tin g  power.
R adiographical m ethods a re  frequently  em ployed in  inspecting  com posite 
s tru c tu re s  w ith  p a rticu la r  em phasis on com plex p a rts  bu t in sen sitiv e  to 
d e lam ina tions ly ing  on a p lane norm al to th e  X-ray direction and  th e  need for 
m u ltip le  exposures before the  dep th  of the  flaw  is estab lished . In  addition , due 
to th e  low atom ic n u m b er of com posites, X -rays suffers little  a tten u a tio n  
producing poor im ages. H ence, low energy  X-rays are em ployed and 
developm ent of u ltra low  voltage, high c u rre n t X-ray tubes are  also used  to 
en h an ce  both co n tra s t an d  response tim e in  film an d  real-tim e im aging.
Som e of these  low energy X-rays will be sca tte red  a t large angles w hich m akes 
it possible to inspect th e  specim en from one side using  the  back sca tte rin g  
concept (F igure 7.9).
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F igu re  7.9: X -rays backscattering  concept [137],
Back sca tte red  X-rays are  detected  by an  a rray  of scintillation detectors. The 
back sca tte r  in ten s ity  in form ation  is correlated  w ith the detec to rs position, 
w hich  in  tu rn  reveals d a ta  regard ing  the inspected depth. A void or inclusion 
will re su lt in  a n  ab ru p t change in  the in ten sity  enabling  the w hole object to be 
te s ted  a t  once.
X -ray tom ography (com puterised axial tom ography, CAT) [126] is another 
rad iog raph ical technique used  now adays in  NDT inspection. T h e  technique 
provides tru e  cross-sectional im ages of the  in te rn a l details of a com ponent, w ith 
full th rough-th ickness in form ation  which is not provided by conventional 
rad iography . Also, it is possible to obtain a very sensitive X-ray absorp tion  d a ta  
as a by-product. This could be used  to estim ate  fibre/resin ra tio  o f  a composite 
or the  partic le /m atrix  composition. F igure 7.10 shows the (CAT) system .
As th e  specim en is placed betw een  a point X-ray source and the lin e a r  a rray  of
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detectors, the  a rray  is ro ta ted  around  the  specim en in sm all increm ents 
re su ltin g  in  an  ou tput t h a t  is digitized an d  stored  in  a com puter producing a 
scanned  slice. The object can  also be ro ta ted  and  transla ted .
F igure 7.10: The CAT sy stem  [137].
7.4 Microwave Techniques.
This NDT technique w hich does not requ ire  d irect coupling or contact w ith  non- 
m etallic  stru c tu res  under t e s t  uses m icrowave energy tran sd u cers  th a t  operate 
on electrom agnetic waves a t  frequencies in  the  GHz region of the spectrum  w ith 
w avelengths betw een 0.3m m  to 1mm. The waves trav e l in s tra ig h t lines and 
s im ila r to light, reflect, re frac t, d iffract and  scatter.
The technique [127-132] allow s rapid inspection w hich is lim ited by m echanical 
co n stra in ts  and  poor sp a tia l resolution due to wide band  im plem entation . 
H ow ever continuous w ave, frequency m odulated, am plitude m odulated
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m icrow aves a re  u sed  in  conjunction w ith  po larization  of tran sm issio n  to 
d e te rm in e  s tru c tu re  p roperties, in te rn a l flaws, m a te ria ls  com position, density , 
hom ogeneity, m o istu re  conten t a n d  orientation .
The reso lu tion  of th e  received signal is a function  of both band  w id th  an d  tim e 
d u ra tio n . Due to th e ir  size, m icrow aves suffer little  b acksca tte ring  w ith  surface 
ro u ghness of a  s tru c tu re  h a rd  to detect w hen  the  d iscon tinu ities size is la rger 
th a n  applied  w avelength .
W hen trav e llin g  th ro u g h  a s tru c tu re  electrom agnetic waves a re  a tte n u a te d  due 
to sc a tte rin g  from  m ate ria ls  d iscon tinu ities and  beam  spreading . However, 
before i t  reaches th e  s tru c tu re  th e  tran sm itted  EM m icrow aves suffer from  the 
following energy  losses:
(1) A n ten n a  loss
(2) A n ten n a  m ism atch  loss
(3) T ran sm issio n  coupling loss
(4) R e tran sm issio n  coupling loss
(5) S p read in g  loss
W here only one side of the m a te ria l is accessible, reflection coefficient of the 
m a te ria l can be m easu red  (F igure 7.11). The technique uses the  bridge 
techn ique w hich enab les the m easu rem en ts  of m a te ria l th ickness to be carried  
out. Voids can be detected w hen  the am plitude  of the reflected  signal 
undergoes a change. Also, phase change can be realized. D elam inations can
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also be inspected  by th e  sam e system  w hen operating  a t  different frequencies 
as well as inclusions an d  regions of porosity.
Mi ero w a v e
F igure 7.11: M easurem ent of specim en reflection coefficient using 
M icrowaves [132].
T ransm ission  mode NDT detection  can be used  to detect flaws in  com posites 
(7.12) w ith  phase  changes as the  m ain  approach. M oisture and s ta te  of cure o f 
epoxy resin  can be investiga ted  w ith  th is approach. A look-into the m a te ria l 
im pulse ra d a r  system  is developed to account for w ideband backscattering  
concept in a reflected mode technique. The princip le of such system  is shown in  
F igure 7.13.
The system  com prises a n te n n a  head , tran sm itte r-rece iv er un it and  a processing 
u n it w ith  com puter in terface. A tra in  of pu lses is applied via the tra n sm it 
a n te n n a  to th e  m ateria l u n d e r tes t. The reflected  signal is sam pled and
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Figure 7.12: D etection of defects using M icrowaves in T ransm ission  mode [132].
processed. This provides an  image of th e  s tru c tu re  cross-section and  a  two 
d im ensional a rea  picture w ith depth  view ing. W ith th is approach, voids, 
th ickness and  hurried  elem ents can be detected.
(A) Microwaves and Thermography.
B oth in  m icrowaves and  infrared  therm ography  rad ia tion  em itted  by the  body 
can be detected  [133-134], hence th e  pow er received by the m easu ring  
in s tru m e n t m ay be related  to the tem p era tu re  of the em itting  source re su ltin g  
in  a m icrowave therm ographical approach.
T he in ten sity  of rad iation  (I(u)) em itted  by a s tru c tu re  a t tem p era tu re  (T) is 
expressed using P lanck’s rad iation  law:
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F ig u re  7.13: A look-into m icrowave detecting  system  [132].
I(v)
2hp v3 (  V >exp -1
V KT J >
7.(9)
w here:
x> F requency  of rad ia tion
C : Velocity of propagation
hp : P lanck ’s constan t
K B oltzm an’s constan t
In  th e  in frared  dom ain equation  (9) is used as it s tan d s  re la ting  th e  in tensity  
of th e  detected  rad ia tio n  to tem pera tu re . In th e  microwave dom ain, the 
R ayleigh Je a n s  approxim ation is used since hu < < KT which reduces (9) to:
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I(v) 2KT v2
C 2
7.(10)
T hus, in  th e  m icrow ave region, rad ia tion  is d irectly  proportional to em itting  
tem p era tu re . However, in  practical cases bo th  (9) a n d  (10) m ust be m ultiplied 
by th e  em issiv ity  factor e(p), bu t can  be approx im ated  to 0.5 in  case of 
m icrow aves an d  0.9 in  in frared .
M icrowave therm ography  is a re la tively  new techn ique w hich requires 
w aveguides, a n ten n as , reflectors and  o ther processing hardw are  an d  software 
to operate. B u t i t  is a very  prom ising NDT approach.
(B) Microwaves and Holography.
T he m otivation  for m icrowave holography [135] is based  on the  following 
factors:
(i) P ropagation  properties
Due to th e ir  high frequency and  re la tive ly  long w avelengths, they can 
p e n e tra te  a v arie ty  of optically opaque s tru c tu re s  providing a look- 
th ro u g h  capability  u n a tta in ab le  a t  optical w avelengths.
(ii) A vailability  of a highly sophisticated microwave m easu rem en t techniques 
M odern m icrowave m easu rem en t techn iques provide efficient, sensitive 
and  accu ra te  m eans for the acquisition  of m icrow ave holographic 
(am plitude  an d  phase) d a ta  over a  broad range o f  frequencies (0.1-100 
GHz). C om puterized m icrowave netw ork  analyzers allow rapid
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a u to m a te d  hologram  d a ta  acqu isition  in  th e  (0.1-40) GHz range  
p a rtic u la r ly  w hen used w ith  spatia l field m apping  scanners. In  addition , 
th e  ava ilab ility  of e rro r correction ro u tin e s  and  h igh  spectral p u rity  of 
phase-locked microwave sources allow  any  degree  of coheren t 
e lectrom agnetic  wavefields to be produced, and  allow holographic im ages 
o f la rg e r  bodies to be obtained.
(iii) S ig n a l processing flexibility
D ue to  the  two step  n a tu re  of the  holographic process i.e. recording and  
reconstruction , the  raw  hologram  d a ta , rep resen tin g  in  some s itu a tio n s  
e ith e r  th e  fresnel or fourier transfo rm  o f th e  object, can  be subjected  to 
v a rio u s  preprocessing and  filtering  opera tions. In th e  scanned m ode of 
m icrow ave hologram  d a ta  acquisition w h ere  the  com plex field am plitude  
over th e  hologram  recording ap e rtu re  is m apped  an d  th e  d a ta  is availab le  
in  a n  electronic signal form th a t  lends itse lf  to a v arie ty  of signal 
p rocessing  operations contrary  to th e  lim ited  optical p rocessing 
opera tions.
(iv) P ro m is in g  real-tim e processing
T he d en sity  of fringes and consequently  in form ation  con ten t in 
m icrow ave hologram s are  norm ally less th a n  in  optical hologram s due  to 
th e ir  long  waves. This indicates th a t  d a ta  re trieval shou ld  be feasible 
e ith e r  d ig ita lly  or in  hybrid  form (digital/optical).
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(C) Microwaves and Tomography.
D u rin g  th e  p a s t few y ea rs  com puterized X-ray tom ography or som etim es called 
com puterized  axial tom ography (CT or CAT) w as used. H ow ever an  increased  
in te re s t  in  th e  d an g ers  of using  ionizing rad ia tio n  in th e  m edical a rea  of 
ap p lica tion  resu lted  in  efforts to find a lte rn a tiv e  techn iques [136]. As an  
a lte rn a tiv e , im aging  o f  o ther forms of energy such as low-level m icrowaves are  
now  used  w ith  a d is tin c t fea tu re  of being able to reco n stru c t cross-sectional 
im ag es of th e  m olecular p roperties o f the  object.
M icrow ave tom ography  rep resen ts  an  a ttrac tiv e  a lte rn a tiv e  to X-ray 
tom ography. H ow ever, th ere  is a fu ndam en ta l difference betw een  the  two 
techn iques. X -rays a re  non-diffracting, travel in  s tra ig h t lines, and therefore 
th e  tran sm iss io n  d a ta  m easu res th e  line in teg ra l of some object pa ram ete r 
a long  s tra ig h t lines. T h is m akes it  possible to apply th e  fourier-slice theory  by 
w hich  a  fourier tran sfo rm  of a projection is equal to a slice of the two- 
d im ensiona l fourier tran sfo rm  of the object. On the  o ther han d , w hen  used for 
tom ograph ica l im aging, m icrowaves often do not p ropagate  along s tra ig h t lines. 
W hen th e  object’s non-hom ogeneities are  large com pared to a  w avelength, 
energy  propagation  is characterized  by refraction  and m u lti-p a th  effects. 
M odera te  am ounts of ra y  bending induced by refraction  can  be tak en  into 
accoun t by com bining algebraic reconstruction  algorithm s w ith  digital ray  
trac in g  an d  ray  link ing  a lgorithm s. W hen the  object non-hom ogeneities become 
com parab le  in  size to a w avelength , energy  transm ission  would be analyzed in 
te rm s o f w avefronts and  sca tte red  field. Polarization  or vector fields can also
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be used.
7.5 SUMMARY
A reas of application  of NDT techniques a re  sum m arized  in  Table 7.1. More 
de ta iled  discussion of NDT techniques as app rop ria te  can  be found in  the 
references previously given.
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Techniques Detection
Capability
Limitations/Disadvantages
R adia tion
X-ray Inclusions, cracks O lder film dependen t 
processes
can  be slow. L im ited  to  
crack
size, m u st have access to 
bo th
sides of the  s tru c tu re .
G am m a R ad ia tio n D ensity  varia tions M ust have access to b o th
sides of
th e  stru c tu re .
E lectrom agnetic
M icrowaves Voids,
delam inations, 
porosity, resin  
variab les
N on-contacting. 
R equires expert 
in te rp re ta tio n .
T herm al 
ln tra  red Voids,
delam inations,
unbonds
S ensitive to specim en surface 
em issivity .
Sensitive to geom etry  o f  the 
p a rt.
L iquid  C ry sta ls Voids,
delam inations,
unbonds
N ot useful for a lum in ium  
m eta ls
-to-alum inium  honey 
s tru c tu res .
Photo  chrom ic 
coating
Voids,
delam inations,
unbonds
V ery insensitive to sm all 
defects;
usefu l for surface an d  n e a r  
surface defects only.
V isual B listers, porosity, 
cracks,
discolouration, 
surface defects, use 
in
conjunction w ith  dye 
p en e tran t
L im ited  to surface defects in 
opaque m ateria l.
U ltrason ics
D elam ination,
porosity
R equires im m ersion in  w ater.
R equires expert 
in te rp re ta tio n .
P u lse  Echo
T ransm ission D elam ination L im ited  to access to both  
sides.
G eom etry  of the  p a r t  
sensitive.
Table 7.2 C om parison  Of NDT Techniques.
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CHAPTER 8
NDT DATA: INTERPRETATION 
AND ANALYSIS TECHNIQUES
8.1 Introduction
Predictive an d  determ in istic  analysis is an im p o rtan t tool in  re liab ility  te s ts  
Com ponents can  experience a successful or unsuccessful perform ance. In  both 
conventional an d  advanced in te rp re tin g  system s, in itia l steps have to be taken  
to determ ine th e  p a ram ete rs  th a t  governs the c rite ria  u n d e r w hich a com ponent 
can  be ranked  or classified. Typical considerations are:-
(1) A rrang ing  defect types in  te rm s of th e ir  significance in  influencing 
failure.
(2) A rranging  th e  tested  com ponents according to th e ir  theoretical propensity  
of failure.
(3) A rrang ing  u n tes ted  com ponents according to th e ir  tendency of failure.
(4) C lassification  of the know n te s t resu lts  into e ith e r  success or failure 
population.
(5) E stab lish in g  a  model an d  assess the model in  te rm s of correct 
classifications.
(6) Modifying th e  m anufactu ring  process to obtain less defective com ponents.
(7) T esting  of th e  new com ponents an d  update  the  m odel as needed.
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In  conjunction w ith  d iscrim inating  m odelling, determ inistic  m ethods in  the  form 
o f probabilistic analysis. T here  are various sep ara te  probability  d istrib u tio n s 
involved, nam ely:
(1) The p robability  th a t  a  specific defect of certa in  size w ill re su lt in  a 
failure.
(2) The probab ility  th a t  inspection w ill succeed for those defects of 
im portance.
(3) The probab ility  th a t th e re  is a flaw  in  the  m ateria l or com ponent prior 
to inspection.
Som e model selection process is m ainly based  on s ta tis tica l tech n iq u es such as 
d isc rim in an t ana ly sis , canonical correlation, p rincipal com ponents, regression  
on p rincipal com ponent and  stepw ise p rocedures [143-147].
T h u s  it  is im p o rtan t to review  some of th e  m ethods used in  c lassification  and 
p a tte rn  recognition both  conventional an d  adaptive.
8.2 Classification Techniques: A Review.
C lassification  techn iques and  p a tte rn  recognition can be categorized as:
(I) N um eric T echniques (II) N on-num eric T echniques
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N um eric  techniques use vectors for qu an tita tiv e  descrip tion  and  com prise 
de te rm in is tic  and  s ta tis tic a l m easures applied to geom etrical p a tte rn  space, 
w hile  non-num eric ones u se  strings and  trees for s tru c tu ra l descrip tion  and  
em ploy symbolic processing th a t  is dealt w ith by m ethods such  as fuzzy sets.
In  dete rm in is tic  m ethods [148-149], d iscrim inan t functions a re  employed and  
form  th e  basis for the  m ajo rity  of p a tte rn  recognition techniques. C lassification 
in  gen era l and  d isc rim in an t classification is rare ly  perform ed using  a  single 
m easu rem en t, or fea tu re  from  the in p u t pa ttern . N orm ally , several 
m easu rem en ts  are  needed to ad equate ly  d istinguish  betw een in p u ts  th a t  belong 
to d iffe ren t categories or c lasses. W hen a num ber of m easu rem en ts on an  inpu t 
p a tte rn  are  m ade, each of th em  rep resen ts a unique fea tu re , a se t of these 
fea tu re s  are  created  in  a vector form.
By exam in ing  these fea tu re  vectors, we realize th a t they form d is tin c t c lusters 
w hich can  be classified by assign ing  a class per cluster v ia  a sep a ra tin g  
b o undary  like a line in  sim ple system s Figure 8.1.
A fter estab lish in g  the  decision boundary  the  process becomes sim ply  a m a tte r  
of decid ing on w hich side of th e  boundary  any new input fa lls by using  the 
m a th em atica l d isc rim inan t function  to m ap the inpu t fea tu re s  onto the 
classification  space. To achieve such classification a num ber of decision based 
d isc rim in an t m ethods [150-151] can be used such as:
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FEATURE n
F igure  8.1: C lassification and D iscrim ination  concept.
(1.1) Linear Classifier (LC)
C onsider F igure 8.2,
FEATURE n
F igure 8.2: D iscrim ination  using LC classification.
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T he d iagram  show s how F igure 8.1 is produced if  (LC) is employed. In  th is  
techn ique th e  decision boundary  com prises a d iscrim inating  function g(X) g iven 
by:
T he expected o u tp u t of the  given function in  equation  (1) is e ith e r  positive or 
nega tive  depend ing  on the  values of w eight and in p u t vectors. C onsider ag a in  
F ig u re  8.2. H ere  positive ou tpu t is classified as A-class an d  negative as B-class. 
T h is is a sim ple decision m echanism  th a t  uses the  po larity  of the function g(X), 
hence lead ing  to th e  definition:
By expand ing  the  d isc rim inan t function  we obtain:
g(X) = £  WjX, 8 . ( 1 )
j* i
W here:
j th com ponent of an  inpu t vector. 
j th com ponent o f a w eight vector.
g(X) = £  Wj X, -  a  
= (I W I . I X I cos <J> )- ra
8.(3)
W here:
<t> is the  angle betw een the  vector X and  W.
ra is th e  b ias value.
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The above allow s the  req u ired  +/- classification to be achieved. To estab lish  th e  
position o f th e  decision boundary  in the  p a tte rn  space we realize  th a t  a t  th e  
boundary  crossover point we have:
an d  for 1 = 2 we obtain:
' w,
■ xi + rawTt 2 ) W2 ,
m =
' w, , c = Xd
k * 2 , wT2 /
8.(4)
8.(5)
8 . ( 6 )
l
£  Wj Xj -  a  = 0 
j - i
( X, W, t  Xj W2 ) -  a  = 0
hence,
X, =
E quation  (6) is equ ivalen t to th e  equation of s tra ig h t line:
y  = m  X  + C  
So,
8.(7)
From  equation  (7) we can see th a t the  decision line slope an d  in tercep t is 
controlled by th e  w eights ra tio  and b ias value. This ind ica tes th a t  we can 
perform  a d iscrim in a tin g  process providing we estab lish  an  ap p ro p ria te  value 
for the  w eight vector. To find a  su itable value for the  needed w eigh t vector we 
use  tr ia l an d  e rro r w ith  a feed back line as an  erro r function th a t  com pares the 
desired  o u tp u t w ith  the req u ired  one.
T h is techn ique is  m ainly u sed  to classify in a linear fo rm at for linearly  
separab le  classes. For m ore th a n  two classes w hich are still linearly  re la ted
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m ore th a n  one hyperp lane  decision surface is required  as shown in F igu re  8.3.
F igure 8.3: C lassification of d ifferent categories using lin ear surfaces.
However, the  process is lengthy and slow. For non-linearly  separable classes, 
a transfo rm ation  or m app ing  is carried  ou t firs t before th is  technique can  be 
used.
(1.2) Nearest Neighbour Classifier (NNC)
Also know n as m in im um  distance classifier, is an o th er classification technique 
w hich is slightly  d ifferen t from the  previous [152]. F igure 8.4 illu s tra te s  the 
principle behind th is  technique.
In  the  figure we need to estab lish  to w hich class p a tte rn  X belongs. The 
decision is m ade h ere  as a function of the  sh o rtest distance to th e  neighbouring
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class.
F igure 8.4: Use of NNC as a d iscrim inating  m ethod.
From  th e  d iagram  we can establish a classification  function h(X) as:
h(X) = Nearest (class A) -  Nearest (class B) 8.(8)
However, th is  technique can easily re su lt in  m isclassification due to spread  of 
one class th a t  su rround  the unclassified sam ple and  di being equal to d, in 
o ther cases, Figure 8.5.
To overcome the problem  of m isclassification, several m ethods can be used like 
H am m ing distance m easures, Euclidean distance m easure, C ity Block distance 
and  S quare  d istance m easure.
Chapter 8. NDT DATA. Page 125.
FEATUREn
F igu re  8.5: M isclassification as a  draw back in  NNC.
In  practice, th is  technique w orks well w hen the d istance betw een m ean s is 
large com pared to the  sp read  or random ness of each class w ith  re sp ec t to its 
m ean.
(1.3) Statistical Techniques
S ta tis tic s  play a v ita l role in  p a tte rn  classification due to the random ness 
u n d er w hich p a tte rn  classes are  norm ally  generated . It is possible to derive a 
classification  approach th a t  on average yields the lowest p robab ility  of 
classification erro rs w hen used.
B ayesian  classification is an  im p o rtan t technique th a t is widely used. I t  relies 
on th e  basic s ta tis tic a l theory  an d  probabilities and  conditional probabilities. 
For p a tte rn  classification we em ploy m easu rem en ts from feature  ex trac ted
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vectors an d  m ake an  e s tim a te  of the probability  th a t  a p a tte rn  belongs to a 
specific class.
I f  we assum e P; for i = 1, 2, ..., K are the  possible classes, th en  the  probability 
of a p a tte rn  belonging to P; is:
P ( P / “ v ) ( 0 s P * 1 ) 8.(9)
U sing  conditional p robability  allows us to use a pre-captured  knowledge about 
a p a tte rn  to im prove the  e s tim a te  of class m em bership. To assign  a class to a 
fea tu re  vector using  B ayer’s ru le  we need to follow the  condition:
P ( Pi / av ) > P ( P; / av ) for
v v J '  8.(10)
j  = 1, 2, .... n i * j
for the  p a tte rn  to belong to c la ss  Pi w ith the  h ighest conditional probability.
The m athem atics behind th is  concept an d  th e  one re la tin g  B ayes classifier to 
G aussion  d istribu tion  is com plex and can be found in  various publications [153- 
172]. G enerally  B ayesian c lassifiers  can be optim ised to perform  very  well w ith 
sim ple lin ear behaviour u n d e r certa in  conditions.
(II.1) Matching Shape Numbers
T his is a s tru c tu ra l technique (non-num eric) [153-154] th a t  is equ ivalen t to the 
n e a re s t neighbour classifier d iscussed  previously. The assignm ent of groups or 
c lasses is achieved here th ro u g h  region boundaries (shapes). To p u t the best
m atch  to
Chapter 8. NDT DATA. Page 127.
five d ifferen t shapes (coded A, B, C, D, E), F igure 8.6, a s im ila rity  tree  can be 
used.
From  th e  d iagram  it is obvious th a t  the b est m atch is betw een  C and  F  since 
they  both  have the  h ig h est score.
(11.2) String Matching
In  th is  approach  the region boundaries are  coded into s tr in g s  [155]. So for two 
boundaries A, B we have a2 ... an, bx b2 ... bn. The s im ila rity  m easu re  is given 
by:
R = — = ------------------?-----------------  8.(11)
D max ( | A | , | B | ) -  S
where:
S : sam e or m atch ing  n u m b er of strings
D d ifferen t or not m atch ing  num ber of s trin g s
and  R <*> for a  perfect m atch  and  0 for no m atch.
(11.3) Syntactic Methods
These are  fu n d am en ta l in  handling  recognition of s tru c tu ra l p a tte rn s  [156], 
The princip le behind them  is to specify a se t of p a tte rn  prim itives, a se t of ru les 
th a t  governs th e ir  in terconnections, an d  recognizes w hose s tru c tu re  is 
de term ined  by th e  se t of ru les in  the form of a gram m ar.
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F igure 8.6: Illu stra tio n  of the s tru c tu ra l technique.
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8.3 Adaptive Pattern Recognition Using Artificial Neural
Networks.
(1) Purpose
The classifica tion  techniques presented  in  th e  previous section are  based  on 
finding a  se t o f s ta tis tica l p aram eters as a function  of sam ple p a tte rn s  and  
produce a p a t te rn  class. The n earest neighbour c lassifier is to ta lly  determ ined  
by the  m ean  v ec to r of each class. In the sam e w ay, th e  Bayes classifier for 
G aussian  d is tr ib u tio n s  is specified by the  m ean  vector and  covariance m atrix  
of each class.
T ra in ing  is re la tiv e ly  sim ple using the prev ious m ethods as the  tra in in g  
p a tte rn s  of each  tra in in g  se t (class) is used in  a  d irect way to e s tim a te  the 
variab les of th e  decision function relative to t h a t  class a fte r w hich a  fixed 
s tru c tu re  of th e  classifier is established w ith  perform ance dependen t on 
satisfy ing  th e  b o u n d ary  conditions [157-158],
However, w h a t is  really  needed in an  in te llig en t classification system  is the 
flexibility to accom m odate different boundary  conditions w ith  com plex non­
lin ear behav iou r in  a fas t and  accurate m a n n e r  w ith  capab ilities of 
generalization , classification  and  prediction [159-165].
(2) General
M ost existing  p a t te rn  recognition system s o rig in a ted  from the  study  of artific ia l 
intelligence and  a re  bu ilt on the principles of se r ia l com puting. These system s
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suffer from  th e  following draw backs:-
(a) L ack  o f consisten t ab ility  to generalize from incom plete, noisy or 
d is to r te d  fea tu res.
(b) L ack  o f v e rsa tility  in  com bining fea tu res into whole p a tte rn s .
(c) T im e  consum ing in  research  and  developm ent.
(d) S u ffe rs  from  w eak associative ru les or lack of them .
(e) M assive  search ing  effort is needed to find a new p a tte rn  not stored in 
m em ory .
In  recen t y e a rs  th e re  h as  been a rediscovery and  rap id  developm ent of models 
and  in te llig e n t system s for complex p a tte rn  recognition th a t  depends on a large 
num ber o f  re la tive ly  sim ple processing elem ents w hich a re  highly 
in te rco n n ec ted  an d  operate  in  para lle l as an  a lte rn a tiv e  to ru le-based  system s 
for d a ta  com pression  and  au tom ated  solution of in terpo la tion  or classification 
problem s [166-171].
The m ost m ark ed  fea tu re  of these processing elem ents is th e ir  in h eren t 
a d a p ta b ility  p e rm ittin g  fairly  easy  m odification of the  system  to perform  in  a 
varie ty  o f ap p lica tions. This k ind  of inform ation processing system  is based on 
a heavily  sim p lified  model of th e  physiological/ neurobiological system  in the 
h u m an  b ra in  and  some o ther living organism s [172-179]. The princip le follows 
th a t  o p era tio n s on p rim itive m icrostructu res in large num bers w ill m ap and 
form a com plex m acrostruc tu re  w ith  re lev an t operational ch arac teris tics  for the
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purpose of sim ulation  of symbolic inform ation processing on lower levels of 
abstraction . Due to certa in  sim ilarities betw een these m odels and  fea tu res of 
the  cen tra l nervous system , they have come to be known as N eu ra l N etw orks.
The basic design of such models con trast sharp ly  w ith  conventional digital 
com puters w here a highly  complex cen tra l processing u n it (CPU) carries out 
com putation  in  a sequen tia l, serial fashion. One of the  princip le reasons for 
in te re s t in  n eu ra l netw orks is the fact th a t m any  perform  associative functions 
as a d irect outcome of th e ir  architecture. These associative functions include 
reconstructing  original lea rned  p a tte rn s  from  inputs th a t  a re  fragm ented  or 
d isto rted , th e  ability  for novel p a tte rn s  to ex trac t ou tpu ts of re la ted  p a tte rn s  
th a t  w ere previously stored  in  m emory and  th e  capability  to link  two or more 
u n re la ted  pa tte rn s .
As a consequence of th e ir  associative p roperties, n eu ra l netw orks carry  out 
d irect d is tribu tion  of inpu ts across the processing a rray  and m em ory storage via 
a lte ra tio n s in  th e  stren g th s  of connections betw een the processing elem ents 
(connectionst netw orks) [180-183],
The s ta te  of a processing u n it  w ith in  the netw ork  is defined by its  s ta te  of 
activation , usually  a sca lar value. Thus, n eu ra l inform ation d is trib u tio n  and 
processing (com m unication) consists of sw itching p a tte rn s  of ac tivation  w ith in  
a n eu ra l complex. The processing elem ents a re  in terconnected  according to 
some pre-defined m anner w ith  individual connections p a rtic ip a tin g  in the
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sto rage  of m any d ifferen t p a tte rn s .
To s im u la te  synaptic inform ation tran sfe r, each connection is asso c ia ted  w ith 
a w eigh t as a m easu re  of th e  influence exercised by one processing u n i t  over 
an o th er. The a rran g em en t of w eights is the sole m eans o f know ledge 
rep re sen ta tio n  w ith in  a n eu ra l netw ork. T herefore, know ledge is not 
crysta llized  in  the sh ap e  of symbols and  symbol re la tionsh ips; r a th e r ,  it is 
rep resen ted  on a sub-sym bolic level and  norm ally d is trib u ted  am o n g  m any 
connections. This e lim inates the  need to define a concise model of th e  requ ired  
application . Also, com pression of d a ta  is achieved and  d a ta  size is red u ced  to a 
reasonab le  level by ex te rn a lly  describing the  inpu t vector p a tte rn s .
A nother fea tu re  of some n eu ra l netw orks is th e  ability to self-organize [184-186] 
by a lte r in g  s tren g th s  of connections based m ainly on local conditions. This 
allows th e se  netw orks to develop th e ir  own in te rna l rep re sen ta tio n  of stored  
d a ta . N eu ra l netw ork m odels of th is  form can be described  as conten t- 
add ressab le  since re trieva l of d a ta  occurs w hen inpu ts d irec tly  ex trac t o u tp u t 
from the  a rra y  of in terconnected  elem ents. This form of re tr iev a l c o n tra s ts  w ith 
th a t  of d ig ita l com puters w here inform ation is accessed by a code th a t  is 
u n re la ted  to  the  m em ory con ten t (location addressable m em ory).
T here are  am azing  s im ilarities in  arch itec tu re , operation a n d  other fe a tu re s  of 
ce rta in  artific ia l neu ra l netw orks and  th e  cerebral cortex. In  addition  to  the 
brain-like, se lf  organizing associative ab ilities, these netw orks display a  re la tiv e
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im m unity  to the  effects of dam age of individual processing elem ents (scale 
in v arian t) [187-192].
Also, to a large e x te n t the  function of artific ia l associative netw orks depends on 
a spatia lly  d is tr ib u te d  in p u t system  like th a t  seen in the  olfactory bulb 
projection to the p irifo rm  cortex [193-200].
The discrim inative pow er of some of these  netw orks is also sim ilar to the 
piriform  cortex in  th a t  it  is g rea tly  enhanced by positive feedback via 
interconnections b e tw een  the  processing elem ents th a t receive the  d istribu ted  
in pu t. In piriform  cortex, the  in terconnections betw een pyram idal cells 
(associational fibre system s) m ediate  a  d is trib u ted  positive feedback to cylindric 
segm ents th a t are im m edia te ly  ad jacen t to th e  segm ents th a t  receive the 
d is trib u ted  input. A lso, in associative m em ory models, individual in p u ts  are 
typically  w eak re la tiv e  to ou tpu t th resho ld , w hich is also th ough t to be the  case 
in  olfactory cortex. The change th a t  these in p u ts  cause to the  synaptic 
s tren g th s  (interconnections) a re  th o u g h t to be actively re la ted  [201-204].
T here are  various a lgo rithm s w hich a re  though t to be varia tions of the  Hebb 
learn in g  rule [205-212] th a t can be used  to im plem ent paralle l d istribu ted  
processing models as explained  in  the  following part.
(3) Processing of Information
The w eights (synapses) of the connections (neuron) hold the knowledge of a
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n e u ra l netw ork  (F igure 8.7). The neuron is th e  basic processing elem ent in  a  
netw ork, (F igure 8 .8 ). Every neuron  has one o u tp u t reflecting th e  s ta te  of the 
neu ron , i.e. its  activation  condition. This o u tp u t is allowed as in  a biological 
system  to b ranch  or fan  out to in te rac t w ith  m any  other neurons. The inpu ts 
to  these processing elem ents activate th e  neurons relative to the synaptic 
w eigh ts using  a th resho ld  function. The im plem ented activation  function 
shou ld  possess a non-linear quality  w hich re s tr ic ts  the ou tpu t to lie betw een 0 
a n d  1 for decision m aking  and probability  com puting. Figure 8.9 illu stra tes  
som e popular functions and th e ir  m athem atica l formulae.
F ig u re  8.7: Concept of inform ation processing using  N eural interconnections.
W hen the synaptic w eights acquire the necessary  inform ation, it is expected 
th a t  th e  required  ou tp u t is produced once a p a tte rn  is presented to the inputs 
of th e  netw ork. To achieve this, teach ing  the n eu ra l netw ork is carried  out via 
tra in in g  techniques w hich com prise sequentia l p resen ta tion  of p a tte rn s  and 
w eigh ts ad justm en t w ith  final fine tuning. T his is done by em ploying a
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lea rn in g  ru le  th a t re su lts  in  associative an d  correlative features orig inally  based 
on H ebbion lea rn ing  theory. N eural netw orks can learn  through tw o types of 
teach ing  procedures:-
(1) Unsupervised Learning
H ere, ad ju s tm en t of w eights is not re la ted  or a function of p re-designated  or 
desired  o u tp u t. There is no com parison and  correcting teaching s ig n a l and  the 
netw ork  self-organises itse lf  (Figure 8.10).
(2) Supervised Learning
The w eights here  are  ad justed  based on a n  error teaching signal produced  after 
the  netw ork  outpu t p a tte rn  is com pared to the desired ou tpu t p a tte rn . An error 
correction ru le  is used to activate th is. Reinforcem ent lea rn in g  is also a 
superv ised  learn ing , w ith  varia tion  on the correction technique. While 
superv ised  lea rn ing  uses global correction algorithm , reinforcem ent learn ing
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Figure 8.9: Typical m athem atica l functions used in  classification.
em ploys more local and specific correction ru le  (F igure 8.11).
M ulti-layer netw orks are often used in  netw ork  im plem entation . Such a 
netw ork  would consist o f ­
fa) In p u t layer w ith  inpu t u n its .
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T  T  T
F igure  8 .1 0 : U nsuperv ised  learn ing  m echanism  [163]
(b) O u tp u t lay e r w ith  o u tp u t units.
(c) One or m ore layers w ith  hidden u n its  in  between.
The objective beh ind  using a h idden layer is to allow the netw ork to  deal w ith 
non-linearly  sep arab le  p a tte rn s  and  carry  out non-linear m apping. This was 
discovered a fte r a  tw o layer netw ork failed to em ula te  the behaviour of an  XOR 
function. F igure 8 .1 1  illu s tra te s  a general m ulti-layer network.
In  inform ation processing using  neura l netw orks, various m u ltilay e r netw ork 
a lgorithm s can be used  for netw ork tra in in g  such as:
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Figure 8 .1 1 : Supervised learn ing  m echanism  [163].
(a) Back propagation (BP)
(b) C ounter propagation (CPN)
(c) B idirectional associative memories an d  BAM system s
(d) Hopfield nets
8.4 Smart Classification and Neural Network Algorithms-
Design, Modelling and Application to Defect Detection.
The objective of th is approach is to try  and  im plem ent some of the  hum an  
senses into an  in telligent au tom ated  NDT system .
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T he designed system  is expected to produce d a ta  which will classify th e  tested  
specim en  defects in  N-dim ensions, w h e re  N is the  num ber of senses used. The 
p u rp o se  of incorporating more th an  o n e  sensing device is to account for defects 
th a t  canno t be detected using one s in g le  tech n ique.
T he genera l system  block diagram  is show n in  F igure 8.12.
F igu re  8.12: S m art classification sy stem  block diagram .
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F ig u re  8.13: D ata  file source m atrix .
(A) Matrix-Column Sensing System (ORIGINAL CONTRIBUTION)
I n  th is  m odel the sensing  elem ents a re  placed in a m atrix  form at and 
m an ip u la ted  as follows:
T h e  sequence Si to Sn consists of vectors of individual colum n m atrices 
ex trac ted  from  the  original source m atrix  as show n in Figure 8.13.
T h e  overall ex trac ted  m atrix  consists of th e  discrete com bination of all column 
sequences, hence:
W here:
S, s 2 S„
a i r r n a i 2 r i2 ••• a im , r im 8 .(1 2 )
a n l ' r nl a n2’r n2
orig inal m atrix  elem ents 
A m plitude factor
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From  equation  (12) we obtain:
S, = . S, =
B,
B„
.... S_ X : General variable
From  equation  (13) we obtain:
^ it = E  ( \  /  a  )
i *  1
S2T = Ê ( / 2  )
i - i
8.(13)
8.(14)
S nx  =  E ( x i / 3 )i = 1
w here  E : N orm alizing factor
Now the  orig inal m atrix  is sim plified (th is is done for a fast yes/no or 
defective/non-defective decision), we can ob ta in  the req u ired  hybrid column 
m a trix  for classification.
Thus:
8.(15)
T h is  expression in  equation  (15) is used for classification of com plete d a ta  files. 
H ow ever, in  th e  case of d isto rted , noisy or incom plete d a ta  files we need the 
a lgo rithm  to be able to p red ict an d  reproduce th e  original m a trix  th u s  giving a
defective/non-defective decision.
Two princip les can be used for prediction:
(I) P rediction  by elim ination
A ssum e th e  to tal grouped sequences sum  is ST (Source Sequence); and  the 
ind iv idual sequences a re  S1T, S2T, ...., SnT then:
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w here q, is a q u an tize r  vector.
(II) P rincipal C om ponent Restriction
By exam in ing  a non-defective d a ta  file and o b ta in in g  the norm alized sequences 
S1T to SnT we can concentrate  on the  change in  one o f  these colum n m atrices and 
apply a  probability  condition such that:
Then th e  specim en is defective/non-defective d epend ing  on th e  applied lim its
w here:
n
E siT = sT 8.(16)
Hence, to find a m issing  column m atrix  we use:
n,k
8.(17)
1, s ST s 12 and
n-1 8.(18)
*3 S S f  5 ^  S iT S  14
where:
Chapter 8. NDT DATA. Page 143.
1, .* lj * I3 * 14 8.(19)
To locate the  defective area, classify d ifferent s tru c tu re s  according to the ir 
com position and support the m atrix-colum n classification and  prediction 
a lgo rithm  (an  algorithm  based on th e  sequence grouping  system  th a t  shelves 
d a ta  b its  on corresponding s ta tes producing a specific spread  p a tte rn  w hich is 
un ique to  the te s ted  specimen, hence classifying the  sam ple, F igure 8.14) 
an o th e r system  is used, the U niform ity Factor A lgorithm .
X,. X-, .• • Xm
c l  = r s s s s s 1 - sequei?C8 la * s [ i:,02/a3'34'05 J grouping Xj. X2j .• . Xj.
X=c x_
XI1 X12 • • X-
«, 1 - f e ' q ' c ' c ' c ' l ^  sequence sd la ■ s [ &1,, i>a# /J»4»»5 J grouping X2i X22 • • X^
^2 x_
l
a, s S, ! Sd s c2 — defective
Cj $ S, I Sd s " non-defective
Figure 8.14: M atrix-Colum n classification concept.
Consider th e  d a ta  file (original m atrix) show n in F igure 8.15:
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X u  X 12 . . X : a
originalmatrix X 21 X , 3 . . X 2=
uniformity — factor operation
.
x *  x ^ x ^
F igu re  8.15: U niform ity Factor concept.
(i) Column Comparison:
A sequence o f factors are  produced such th a t  if  any two columns ad jacent are 
sim ilar, the  factor is 1 o therw ise it  is zero producing.
fT = £  ( f, /  2  ) S.(20)
1-1
I f  fT = 100, th is  to ta l or complete uniform ity  a n d  composition is achieved column 
wise.
(ii) Row Comparison:
S im ila r to colum n com parison, each d a ta  b it in  each row is com pared to the one 
in  th e  following row, hence:
8 . ( 21 )
Now if  fT = hj. th e n  d a ta  file is uniform  in both  directions and  th e  sam ple is
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non-defective. This is how ever, a very stric t c lassification  and prediction 
a lgorithm  so, we can m ake i t  m ore flexible by in troducing acceptable boundary 
conditions such tha t:
if fT -  AX * hj. -  Ay = defective
if fT -  AX = h,. - Ay s <(> 8.(22)
= Non-defective with different composition
The com plete sm art classification block diagram  is shown in  Figure 8.16.
From  th e  d iagram  we can com pute th e  contribution ea c h  d a ta  b it m akes 
tow ards the  classification of th e  specimen response.
S ta g e  1
for i = 1, 2 ...... n
where: S D ata  source
W15l : W eight or response factor
S i  : G rouped sequence
Stage 2
C = W . s.
« sicij 1
where: C ,  : G rouped subsequences
From  equations (23) and (24) w e obtain:
8.(23)
S.'24t
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Figure 8.16: The overall S m art C lassification block diagram .
Cü = . W
j = 1, 2 , .... m
8.(25)
and
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( =
The defective a rea  can be located by using equation  (25) and the norm alizing 
factor E 
such  tha t:
Cij
( (W .V SSI wsc) . sSiCij
. 2 J s ,
an d  hence feed th e  re su lt back to locate both th e  defect and  determ ine its effect 
on th e  re s t of th e  com ponent.
For prediction  an d  fu tu ris tic  classification, a back propagation  neura l netw ork 
algorithm  is used.
T he classical back propagation  algorithm  used is re la tively  generic technique 
w hich is applicable to a w ide class of problem s. As it is used as a supervised 
algorithm  in  th is  research  a  se t of good p a tte rn s  (healthy  composite com ponents 
d a ta  files) a re  used  to tra in  the  netw ork. The choice of netw ork topology is 
c ritical and  p a rticu la r  a tten tio n  is paid  to the  h idden layers. F igure 8.17 
illu s tra te s  th e  back propagation  concept. The overall process of d a ta  prediction 
an d  decision m ak ing  can be generally  divided in to  two m ain  parts:-
(A) Training
H ere, random  values are  assigned  to the  connection (weights) between the  input 
an d  h idden  layers and  the  h idden  and  ou tp u t (decision) layers. These could
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tak e  the values betw een -1 and 1. In ad d itio n  the hidden layer(s) and  o u tp u t 
layer(s) th resho lds should also be assigned .
Forward Pass
F igure  8.17: B ack Propagation method.
W hen tra in in g  the  netw ork, the following procedures are carried out:
FORWARD PROCESS:
(a) The h idden layer(s) neuron ac tiva tions is com puted as
h, = g  (i W ,) 8.(28)
Where:
h, : Vector of hidden layer(s) neurons
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i : Vector of inpu t-layer neurons
W j W eight m atrix  betw een  th e  in p u t and  h idden  layer(s)
(b) T h e  ou tp u t layer(s) neuron  ac tiva tions is com puted as:
W here: 
o :
h, :
W 2 :
g  :
o = g (h, W2) 8.(29)
R epresent the o u tp u t layer(s)
H idden layer(s)
M atrix  of synapses connection the h idden  and  o u tp u t layers 
Is an  activation function  in  a sigmoid form at given by:
g t o
1
1 + exp ( -x )
8.(30)
BACKW ARD PROCESS:
(c) T h e  o u tp u t layer(s) e rro r is com puted. T his is the  difference betw een th e  
ta rg e t  and  recorded outputs and  i t  is com puted as:
e, = o (1 -  o) (o -  tr) 8.(31)
W here:
ei Vector of errors for each  o u tp u t neuron,
o : O u tpu t layer(s) vector
t r T arget (correct) ac tiva tion  of the  ou tp u t layer.
(d) T h e  h idden layer(s) is also com puted as:
W here:
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e2 = h, (1 -  h,) W2 e, 8.(32)
e2 : V ector of erro rs for each h idden  layer neuron.
(e) The w eights a re  ad justed  for the  la s t layer of synapsis  (in th is  case we 
used  two layers so L = 2). The ad ju stm en t factors th e  rule:
W2 = W2 + A W2 8.(33)
W here:
A W 2 : R ep resen ts th e  change in  m a trix  W2
A is com puted according to the expression:
A W2 (t) = T h,e, + 0  A W, (tf - 1) 8.(34)
W here:
T : The lea rn in g  ra te
0  : M om entum  factor w hich allows th e  previous w eight change
to influence the  w eight change in  th e  tim e period (t)
(f) The f irs t layer w eights a re  also ad justed  according to:
W, = W, + W, (t) 8.(35)
W here:
W, (t) = T ie2 + 0  A W, (t -  1) 8.(36)
T h e  previous steps a re  repeated  un til the  netw ork  converges to w ith in  a p re­
specified to lerance.
(B) I n t e r r o g a t io n
T h is  is c a rried  out w hen  a netw ork is fully tra in ed  an d  a  fresh p a tte rn  is
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p resen ted  to th e  ne tw ork  to be recognised.
D u rin g  th is  o p era tion  the h idden an d  outpu t layers activations a re  computed 
an d  the  desired  decision is m ade.
W hen a  th resh o ld  function is used in  com puting h id d en  and  o u tp u t layers 
ac tiv a tes  th e  expressions are:
h, = g (i W, + th,) 8.(37)
o = g (h, W2 + th^ ) 8.(38)
The th resh o ld s  a re  ad ju sted  d u ring  tra in in g  using  the  lea rn in g  ra te  and error 
v a lue  of th e  p a r tic u la r  layer under consideration  according to:
th, = th, + T e, 8.(39)
A th resh o ld  function  is also used d u rin g  the  in te rroga tion  process.
The lea rn in g  ra te  can  be ad justed  to affect the  tra in in g  process. Also the 
m om entum  ra te  can be changed to speed or slow th e  lea rn in g  process. Both can 
tak e  values betw een  0  and  1 .
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CHAPTER 9
EXPERIMENTAL ARRANGEMENTS
9.1 Introduction.
The general procedures for NDT of composites a re  discussed in  C hap ters 6  and  
7. However, a m ore detailed discussion o f the  process em ployed will be 
p resen ted  here.
In  all our experim ents we em phasized on the following:
(1) Accuracy
(2) Sim plicity
(3) Consistency
(4) L ittle  or no h u m an  interference
(5) Portab ility  an d  adaptability
9.2 Specimen Design and Structural Processing.
(I) Woven Glass: Tufnol G rade 10G/40.
(II) G lass M at Therm oplastic (GMT): Random , P arallel, Perpend icu lar.
(III) Resin Injection Moulded (RIM): O ut of th e  th ree  types o f composites 
tested , RIM w as produced a t  the Advanced Technology C en tre . H ere will 
be d iscussing in  detail the m anufactu ring  process em ployed as follows:
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(A) Equipment.
(1) An OHAUS, 700 series T rip le  Beam  B alance W eighing 
m achine is  used for chem icals m easu rem en ts.
(2) An oven.
(3) Reaction injection m oulding m achine ( used as a  p ress  w ith  
m an u a l re s in  injection or deposition).
(B) Materials.
(1) A 1153/72/A Epoxy Resin w ith  a proven record of in-service 
d u rab ility  supplied by Shell.
(2) A 1153/172/B H ardener.
(3) A U750/450 (Vetrotex) G lass F ib re  (continuous fibre m at) 
w ith  7% therm o-plastic  b inder an d  random  fibre o rien ta tion .
(4) R elease a g e n t and  film.
(C) Production Process.
(1) The cu ttin g  edges of th e  m ould b lades of the  p ress m achine 
a re  cleaned for effective glass fibre sizing.
(2) The g lass fib res are cu t to 190 m m  x 190 m m  w hich fits th e  
m ould size on the p ressing  m achine.
(3) The g lass fibre m at is cu t to the  requ ired  size a fte r  c lean ing  
the  m ach ine  to p reven t con tam ination  and  fac ilita te  
trim m ing.
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(4) The top and  bottom  halves of the  m ould are  brought 
toge ther pneum atica lly  w ith the  bottom  m ould h ea tin g  up 
the top  m ould to an  equivalen t tem p era tu re  which is about 
100°C w ith  h ea tin g  tim e of about 35 m inutes.
(5) 200g of epoxy resin  is placed in  the  oven w hich is se t to 
betw een 70-80°C.
(6 ) A fter hea tin g , the  epoxy resin  is mixed w ith  50g of h a rd en er 
re su ltin g  in a 4 : 1 ratio .
(7) The top  and  bottom  p a rts  of the  m oulds are  sep ara ted  w ith 
re lease  agen t sprayed  on th e ir  surfaces.
(8 ) A re lease  film is placed on the bottom  m ould w ith  layers of 
glass on the  top  of th e  film.
(9) The m ixer of epoxy resin  and  h a rd en er p repared  ea rlie r is 
th en  poured  onto the  g lass fibre layers.
(10) The tw o m oulds a re  brought together and  left for 
approxim ately  5-10 m inutes.
(11) The resu lted  com ponent needs curing  and fu rth e r pressing  
for 1 hour.
The produced com ponents contained 5 layers of glass fibre w ith  percentage 
volum e fraction of 65.4 and  34.6 re sin  for 2m m  thickness, and 10 layers of glass 
fibre w ith  percentage volum e fraction of 64.4 and  35.6 resin  for 5mm thickness. 
Selected sam ples w ere sp ray  pain ted  w ith  e ith e r a reflecting or absorbing pain t 
to de term ine  th e ir  effect on dam age detection.
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9.3 Structural Damage: Impact Approach.
F o rty  specim ens w ere prepared  and  cu t into rec tangu la r shapes w ith  130mm 
by 150mm dim ensions w ith  2, 3, 4 and  5mm thicknesses. T h e  composites were 
th e n  subjected to im pact loads using  a drop w eight im pact system  as illu stra ted  
in  F igure 9.1.
The specim ens w ere subjected to various levels of im pact energy as shown in 
tab le s  10.4-10.6. These im pact energies were achieved th ro u g h  usage of two 
p rincipal loads of 1.35 Kg and 2.8 Kg dropped from differen t heights onto the 
specim en (Figure 9.2).
F ig u re  9.1: Drop W eight Im pacting  System.
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F igure 9.2: Design a n d  shape of used im pact w eights.
9.4 Non-Destructive Testing Techniques.
(A) Low Frequency: Electronic Tapping
A hand-held  M itsui, W P632 tapping  in s tru m e n t, supplied by J.R . Technology 
Lim ited, is used for d am ag e  detection. This ligh tw eigh t (400g) m edium  size (10 
m m  (H) x 46 m m  (W) x  276 m m  (L)) b a tte ry  pow ered (1 w att consum ption) 
device can be used in  th e  following applications:
(1) D etection of exfoliation inside the honeycom b m aterial.
(2) D etection of d am ag e  to core m a te ria l connected to th e  surface of 
honeycomb boards.
(3) C hecking of position  and shape of core m ateria l.
(4) Detection of exfoliation  in  layers of com posite m aterial.
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(5) D etection  of exfoliation in  connected p a rts  of com posite s truc tu re .
(6 ) D etection  of position of a  beam  in th e  wall.
(7) D etection  of exfoliation of tiles an d  clad steel.
W ith  th e  W P632M  d a ta  logger, th e  overall system  elim in a tes  the need to detect 
dam age depend ing  only on tone change by having  th e  additional fea tu res of 
storing , d isp lay ing  and  p lo tting  of the  m easured  values. This in tu rn  enables 
the  device to  be used in  noisy places such as garages and  production lines. The 
cap tu red  d a ta  can also be down loaded into a personal com puter for fu rth e r 
an a ly sis  a n d  interface to in te lligen t classification system . For a fast 
defective/non-defective detection process, the  tap p in g  ham m er w hich is driven 
by a solenoid is connected to a sensor w ith in  the  device such th a t defects are 
in te rro g a ted  though a b linking red  or yellow LED d isp lay  accom panied by a 
buzzing  sou n d  w hen a large defect is found.
Defect de tec tion  is carried  out as follows:-
(1) Before s ta rtin g  the  tapp ing  process, a mode needs to be selected, for 
an a ly s is  purposes and research  and  developm ent objectives, a low 
tap p in g  frequency (4Hz) w as selected w ith  the  n u m b er of averaged taps 
se t to 8 .
(2) A reference  value needs to be ob tained  from a non-defective p a r t of the 
com ponent and/or a non-dam aged sam ple. This is ind icated  th rough  an  
illu m in a tio n  of green LED. The reference value is also stored in  the
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device m em ory  for com parison purposes.
(3) The device is then  held vertically  and  the  component is  scanned 
m anually .
F igu res 9.3 an d  9.4 show the device and  system  w ith  the  scanning p a th  adopted 
d u rin g  te s tin g  process.
Scanning prccsss start
F ig u re  9.3: The scann ing  a rrangem en t adopted in  the experim ents.
(B) Ultrasonic - C-Scan
T he te s ts  w ere carried  out a t SOFRATEST UK (Speedtronics D ivision). The 
equ ipm en t used  was:
(1) SOFRATEST U ltrasonic Im m ersion T ank  system , which com prises:
(a) Im m ersion  T ank  of approxim ate dim ensions of 1 x 0.5 x 0.4 m w ith  3 
m otorised axes (X, Y, Z).
(b) Pow er contro ller cabinet w ith  3 pow er m odules, PC-IDX/3 in d ex er card
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and 7.5 M Hz im m ersion probes on two axes m anipulator.
(2) IBM C om patible PC system  box w ith  S ofra test’s SFT 4001C UT 
pulser/receiver card, SFT 4000 A/D card.
(3) The system  is controlled by Sofra test u ltra so ft 2000 A, B an d  C-Scan 
software.
The C-Scan system  was se t up to m easure peak  am plitude of the backw all echo 
th ro u g h  line scann ing  of th e  im m ersed com posite com ponent in  the w a te r  tank . 
F igure 9.5 illu s tra te s  the experim ental se t up.
F igure 9.5: The U ltrasonic C-scan system  used in  the experim ents.
(C) L o w  a n d  H ig h  T e m p e r a tu r e  Im a g in g
The u su a l set up for both approaches is s im ilar and  show n in F igures 9.6-9.8 
The only varia tion  betw een low tem p era tu re , h igh tem p era tu re  (sta tic) and 
pulsed  video therm ography is  the type of detecting  cam era used.
Chapter 9. EXPERIMENTAL ARRANGEMENTS. Page 161.
Sensor
Scanner
Neural Network 
Interpretation
Composite
Component Detection
Array
F igure 9.6: D ual V isual and  ER Im aging setup.
F igure 9.7: High T em peratu re  PVT setup.
In  the  case of low tem p era tu re  and  high tem p era tu re  (static) experim ents a 
panosonic M10 video cam era w as used to defect detect a range of transm itted  
w avelengths from a  pre-selected ligh t source and  pass the recorded images to 
a personal com puter w here it is stored, m an ipu la ted  and in p u t to a sm art
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F igure  9.8: Low T em peratu re  PVT set up.
classification and  N eural N etw orks environm ent for analysis and  in terpretation . 
In  the  case of h igh  tem pera tu re , a  constan t h e a tin g  source is used to apply h ea t 
to th e  com posite com ponent. This heating  source  produces a far-field in frared  
h e a t waveform  th a t  travels th rough the sam ple w ith  defects acting  as obstacles 
to th e  flow of energy.
For pulse video therm ography  (PVT) the equ ipm en t used consisted of heat 
source and  th e rm al im aging/analysis system . T he heat source m ust be an  
adeq u a te ly  fast pulse, in  order th a t  there  is a ra p id  tem pera tu re  rise, since it  
is th e  steepness of the tem p era tu re  g rad ien t th a t  provides the differential th a t 
is observed betw een defective and  non-defective areas. This rapid  rise is 
provided by discharg ing  several Kilojoules of en e rg y  through each of two Xenon 
flash  tubes, w hich are  directed a t  the com ponent under test. The therm al 
im ag ing  p a r t  of th e  experim ent w as carried  ou t using the TALYTHERM 90
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system  w ith  the TICM  2B th e rm al im ager produced by R ank Taylor Hobson. 
The th e rm a l event w as recorded directly  on a  video tape, and  the  analysis is 
th en  perfo rm ed  from th e  recorded im age on a personal com puter by in terfacing  
the  v ideo recorder to th e  com puting hardw are .
The P V T  experim ents w ere carried  out a t  AEA Technology, H arw ell, 
O xfordsh ire.
9.5 Processing and Analysis System.
(A) Image Processing
Im age c a p tu re  and  d ig itization  from all im age producing NDT techn iques was 
carried  o u t  using the  MICROEYE 1C MK2 hard w are  and softw are w hich 
opera tes w ith in  th e  w indows softw are env ironm ent. This im age processing 
system  w a s  supplied by D ig ithu rst Lim ited. This system  is versa tile  and  allows 
th e  follow ing choices:
(1) E lec tron ic  focusing of th e  im age to be cap tu red .
(2) B rig h tn ess , sa tu ra tio n , con trast, hue  and  th resho ld  ad justm en t.
(3) D isp lay ing  in:
(a) Diffused (b) Mono (c) O ptim ised
(d) Black and  W hite
(4) S ize b itm ap  stre tch ing .
(5) C om patib le  w ith  PAL, NTSC and C anon ION
(6 ) O p e ra te s  on both  RGB and  com posite signals.
(7) O p e ra te  on e ith e r  single field or fram e.
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(8 ) H av in g  the facility of filtering signals and  ad d ress  selection.
(B) Data Processing and Interpretation
For all the  dig itized  im ages and  other types of d a ta  in p u ts  from o th e r detecting  
in s tru m e n ts , a  softw are in  C -language is w ritten  for both d a ta  processing and 
sm a rt classification  w hich also work in  conjunction w ith  a s ta n d a rd  N eural 
N etw ork so ftw are package supplied by NCS L im ited. The N eura l N etw ork 
softw are provides the  following options:
(1) An in te rface  program  th a t  provides the  facility to design, t ra in  and  ru n  
a  n e u ra l ne t autom atically  from a se t of d a ta  in p u t in  sp readsheet 
form at.
(2) A n e tw o rk  ed itor w ith  which a  design can m an u ally  be created  and 
ex is tin g  n eu ra l ne ts  edited.
(3) A ru n  tim e  processor, controlled by ex te rn a l p rogram s such as a  da tabase  
or sp read sh ee t, w hich supervises th e  processing and  in terfac ing  of the
n eu ra l n e t.
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CHAPTER 10
EXPERIMENTAL RESULTS.
In  th is  ch ap te r im p o rta n t resu lts  a re  presen ted  and  re fe rred  to  in  the  next 
ch ap te r  for th e  purpose of discussion. In  the  table below  are th e  sp read  or 
deviation  values of th e  m ean  of d a ta  used for analysis w ith  all curves fitted  to 
a second order Q uad ra tic  equation . The search  th rough o f  im ages w as carried  
ou t from -255 to +255 in stead  of 0 to 511.
APPLICATION NO. OF SAMPLES DEVIATION OR
(NDT TECHNIQUE) PER DATA POINT. ERROR.
LOW  FREQUENCY. 30 POINTS. +/- 4.5%
C-SCAN. 06 IMAGES. +/- 4.0%
VISUAL IMAGING. 06 IMAGES. +/- 3.5%
H.T.P.V.T. 06 IMAGES. +/- 3.1%
L.T.P.V.T. 06 IMAGES. +/- 2 .6%
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o 10 20 30
IM PA C T EN ER G Y (J)
Figure 10.1: Low Frequency tapping response of 3mm and 5mm W.Glass. Top:
Experimental. Bottom: Fitted. (Mean of 30 points).
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Figure 10.2: Low Frequency tapping response of 3mm GMT. Top:
Experimental. Bottom: Fitted. (Mean of 30 points).
NO
RM
AL
IZ
ED
 D
EF
EC
T 
RE
SP
O
N
SE
 (K
Chapter 10. EXPERIMENTAL RESULTS. Page 168.
I______________________________________________ _ ____________________________ i
F igure 10.3: Low Frequency tap p in g  response of 2mm RIM. Top: Reference 
factor. Bottom: A verage factor. (M ean of 30 points).
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IMPACT ENERGY (J)
Figure 10.4: Low Frequency tapping response of 5mm RIM. Top: Experimental.
Bottom: Fitted. (Mean of 30 points).
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Figure 10.5: Effect of im pact energy on C-Scan response of W.Glass. Top: 
3m m . Bottom: 5mm. (M ean of 6 im ages).
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Figure 10.6: C-Scan images of 5mm W.Glass impacted at 14.3J using Search
Through Technique. (Cycles 1-6, left to right).
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Figure 10.7: C-Scan images of 5mm W.Glass impacted at 7.14J using Search
Through technique. ( Cycles 1-6, left to right).
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Figure 10.8: C-Scan images of 5mm W.Glass impacted at 4.76J using Search
Through technique. ( Cycles 1-6. left to right).
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#
*
Figure 10.10: C-Scan images of 5mm W.Glass with a hole using Search
Through technique. ( Cycles 1-5, left to right).
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Figure 10.11: C -Scan of a W .Bone. Left: Inner p a r ts . Right: O u te r parts. (6 
im ages mean).
Figure 10.12: F irs t s tag e  classification of 5mm W .G lass im pacted  a t 4.76J and 
te s ted  using Low T em p era tu re  V isual C am era. (M ean of 6 
im ages)
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P I X E L S  S E Q U E N C E S
Figure 10.13: F irs t stage classification of 5m m  W .G lass im pacted a t 7 .14J and 
tested  using  Low T em perature  V isual Cam era. (6  im ages m ean).
F igure 10.14: F irs t stage classification of 5mm W .G lass im pacted a t 14.3 J  and  
tested  using  Low T em perature  V isua l C am era. (6  im ages m ean .)
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PIXELS SEQUENCES
F igure 10.15: F irs t stage  classification of 3mm W.Glass im pacted  a t  4.76J and 
tested using  Low T em peratu re  V isual Cam era. (6  im ages mean).
PIXELS SEQUENCES
Figure 10.16: F irs t stage classification of 3mm W.Glass im pacted a t  7.14-J and 
tested  using  Low T em pera tu re  V isual Cam era. (6 im ages mean).
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Figure 10.17: F irs t s ta g e  classification of 3m m  W .Glass im pacted a t  14.3J and  
tested  u s in g  Low T em pera tu re  V isual Cam era. (6 im ages m ean).
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P IX E L S  S E Q U E N C E S
F igure 10.23: V isual first stage classification o f 5mm RIM . ( Reference sam ple). 
(M ean of 6 images).
P IX E L S  S E Q U E N C E S
Figure 10.24: Visual first stage classification of 5mm RIM impacted at 14.3J
and 30.8J. (Mean of 6 images).
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P IX E L S  S E Q U E N C E S
Figure 10.25: V isual first s tage  classification of 5m m  RIM im pacted  a t 28.6J 
and  28 .6 J  w ith  load angle. (M ean of 6 images).
Figure 10.26: Visual first stage classification of 5mm RIM impacted at 28.6J
and 42J. (Mean of 6 images).
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Figure 10.27: V isual first stage  classification of 5mm RIM im pacted  a t 
47.6J  and 47.6J . (M ean of 6 images).
Figure 10.28: Visual first stage classification of 5mm RIM impacted at 55.6J
with reflective paint and part extraction. (6 images mean).
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P IX E L  S E Q U E N C E S
F igu re  10.29: V isual second stage classification of 5m m  RIM. ( R eference 
sam ple ). (M ean of 6 images).
Figure 10.30: Visual second stage classification of 5mm RIM impacted at 14.3J
and 30.8J. (Mean of 6 images).
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P I X E L S  S E Q U E N C E S
Figure 10.31: V isu a l second stage classification  of 5mm RIM im pacted a t 28.6-J 
a n d  28.6 J  w ith  load angle. (M ean of 6 images).
Figure 10.32: Visual second stage classification of 5mm RIM impacted at 28.6-J
and 42J. (Mean of 6 images).
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P I X E L S  S E Q U E N C E S
F igu re  10.33: V isual firs t s tage  classification of 5-layers, 5mm RIM. (M ean of 
6 im ages)
P IX E L S  S E Q U E N C E S
F ig u re  10.34: V isual first s tage  classification of 10-layers, 5mm RIM. (M ean of 
6 images).
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P IX E L S  S E Q U E N C E S
F igure  10.35: V isual firs t stage  classification of 5mm RIM w ith  p lastic  
inclusions. (M ean o f 6 images).
F igure 10.36: V isual firs t stage S earch  through classification of 2m m  RIM 
im pacted  a t  4.76J. (M ean of 6 images).
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P IX E L S  S E Q U E N C E S
F igure 10.37: V isual first s ta g e  classification of 2m m  RIM  im pacted  a t  7.14J. 
(M ean of 6 im ages).
Figure 10.38: Visual first stage classification of 2mm RIM impacted at 14.3J.
(Mean of 6 images).
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F igure  10.39: Im ages of the  I.I.W.V. technique applied to 5m m  RIM im pacted 
a t  28 .6 J  and  42J. ( L ight source 1, cycles 1-6, left to right).
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Figure 10.40: Im ages of the  I.I.W.V. techn ique applied to 5mm RIM im pacted
a t 14.3 J  and  30.8 J  ( shown). ( L ight source 1, cycles 1-6, left to 
righ t ).
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Figure 10.41: Im ages of the  I.I.W.V. techn ique applied  to 5m m  RIM im pacted
a t 28.6 J  and  28.6 J  w ith load angle ( shown). ( L ight source 1, 
cycles 1-6 , left to right).
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F igu re  10.42: Im ages of the  I.I.W.V. technique applied to 5m m  RIM im pacted
a t 28.6 J  and  28.6 J  w ith  load angle ( both show n ). (L ight source 
2, cycles 1-4, left to r ig h t ).
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F igu re  10.43: Im ages of th e  I.I.W.V. technique applied to  5mm RIM im pacted
a t 47.6J  and  47.6J  w ith reflective pa in t. ( L ight source 1, cycles 
1-2 , left to r ig h t ).
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F igure  10.44: Im ages of the I.I.W.V. technique app lied  to 5m m  RIM im pacted
at 55.6J with reflective paint and part extraction. ( Light source
1, cycles 1-6, left to right ).
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Figure 10.45: Im ages of th e  I.I.W.V. technique applied to 5m m  RIM im pacted
at 55.6J with reflective paint and part extraction. ( Light source
1, cycles 7-12, left to right ).
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F igure 10.46: T h erm al V isual Im aging applied  to detect dam age in  5mm RIM 
im pacted  a t  28.6 J  & 42J(top), 14.3J & 30.8J(m idd le), 28.6J & 
28.6 J  w ith  load angle(bottom ).
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P IX E L S  S E Q U E N C E S
Figure 10.47: F irs t stage classification of 5mm RIM tes ted  using High
T em pera tu re  Visual Im aging. ( Reference sam ple ). (M ean of 6  
images).
P IX E L S  S E Q U E N C E S
Figure 10.48: F irs t stage classification of 5mm RIM im pacted  a t 28.6 J  and  42J 
and tested  u sin g  High T em peratu re  V isual Imaging. (M ean of 6 
images).
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P I X E L S  S E Q U E N C E S
Figure 10.49: F ir s t  stage classification of 5mm RIM  im pacted  a t 14.3 J  and
30 .8 J  and  tested  using H igh  T em peratu re  V isual Im aging. (M ean 
o f 6  im ages).
P I X E L S  S E Q U E N C E S
Figure 10.50: F irs t  s tage  classification o f 5mm RIM im pacted  a t 28.6 J  and
28.6 J  w ith  load angle and te s ted  using  High T em p era tu re  V isual 
Im aging . (M ean of 6 im ages).
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F ig u re  10.51: The I.I.W.V. applied  to p a in ted  5mm RIM & W .Glass, 
im pacted  a t  55.6.J & 28.6 J , tested  using  HTPT. ( Cycles 
1-4,1-2, left to right).
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Figure 10.52: The I.I.W.V. technique applied to 3mm p erp en d icu la r and 
paralle l GMT im pacted  a t 14.3 J  and  tested  using  H igh 
T em p era tu re  PVT.( Cycles 1-8, left to right).
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F igure  10.53: The I.I.W .V. technique applied to W .Bone tested  using  High 
T em p era tu re  PVT. ( Cycles 1-4, left to right).
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IMAGE 1 SIZE 1 D, D-> n
QiS
! S ,D.mb 1 «423 I l t 1 l i
SiDimb 1 5640 1 l 1 1 1 1
S,D,mbl 1 46J0 0 0 0 lo  lo
StD^mbl 1 3416 0 0 0 0 0
i  SiD.molR 1 4C34 I t 1 1 1
Si DimbIR 1 3933 1 l 1 1 1
' S,D ,m f 1 4C02 1 1 1 ■ 1
1 3342 I 1 1 1 1
S1D 1 mil 1 4160 0 0 0 0 0
I 1 4103 0 1 0 0 0 0
S,D,mrtR 1 3648 1 1 1 1 1
S,D-.mflR 1 2330 1 1 l 1 1
1
StOjmb 6767 t l 1 1 1
S-»D->mb 5353 1 1 t 1 1
SiDi mbl 6305 0 0 0 0 0
SiDtmbl 5643 0 0 0 0 1 0
StDi mblR 4131 1 l 1 I 1
S->D->mbLR 4050 l 1 l I
S->D| mf 1 4113 I I l 1 1
S-,D-,mf 1 3796 l 1 I l 1 •
SoD.mrt 1 3952 0 0 0 o 10
3750 0 0 0 o 10
S-<D, mflR 3953 1 l 1 l 11
S-.DimflR 3U9 I 1 l l 1 I l
J IMAGE 1 SIZE I o? 1 Dr Dj 1 °4
S-jDimb « J«  ! 1 11 l 1 1
S-jD-imb 0575 1 1 1 1 1 l
Si D, mbl 6942 1 0 1 0 0 0 0
StD-i mbl 4891 1 o 1 0 0 0 0
! S3D.mblR 71*0 1 1 1 1 1 1 1
S3D->mblR 5550 1 1 1 1 1 1 1
1 1
SiD.mf 1 7930 | l 1 1 I l
S3D-, mf 17029 I t l 1 I 1
1 3500 1 0 0 0 0 0
SiDimrl 1 7425 1 0 0 0 0 0
5 ,0 ,0 1 «  13372 1 ! 1 1 I l
S-sDrmilR 1 6325 h l I 1 I
Table 10.1: Image D ecision  Data (RIM)
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IMAGE SIZE | s ,  I S , °0 O* D<
Vximb 10200 . h l I 1
Vximbl 4840 o |o 0 0 0
VnmblR 9CC6 I l l I 1 1
Vx-tmf 9JÓ3 l 1 1 I I 1
Vxtmfl 96SO 0 1 0 0 0 0
Vx->rn;lR I03S6 1 1 1 1 1 1
Vx-»mb 9IJÓ I l i I 1 l
Vx-.mbl 9396 0 1 0 0 0 0
Vx-,mblR I2240 1 11 I l 1
Vx->mf 9605 1 1 1 1 11 1
Vxim/1 3355 o lo  lo  l o  l o
Vx-jmflR I0I37 1 II 11 11 11
Table 10.2: Image Decision Data (W.GIass)
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MATERIAL
TYPE
THICKNESS ! IMPACT 
I ENERGY
IMPACT
DIAMETER
'n f 1 ' . . .
I “ 1
4 L
h l “ ‘
3 5 |  T.M 0.37 0 .2795 0.2904 | 0 .3747 I 18.16 -13.17 -3.35 -0.366 | -0.651
3 5 14.3 0.37 0.2871 0.2977 | 0.4032 1 31.34 •21.16 -6.61 -2.28 1 -L 96
3 3 23.6 1.34 0 .3016 0.3123 ! 0.4694 ! 56.70 -34.34 -11.98 I -5.188
3 3 1 *2 1.93 0 .2095 0.32201 1 0.5292 i 64.53 -33.19 -13.94 -7.42 1 -6.64
4 5 1 47.Ó 2.72 0 .3220 0.3924 | 1.241 : 3.057 -5.08 -2.42 -0.56 i -0.676
4 5 33.6 2.73 0 .3200 0.3923 | 1.265 ' 4.437 - . 1 2 -2.08 -0.384 I -0.50
3 2 4.76 0.04250 0 .5685 0 .6345 0.9253 i 47.76 -24,60 -8.55 -7.38 1 -6.85
3 2 7.14 0.0428 0 .5856 0.6445 0.9071 i 54.10 -23.35 -9.28 -8.32 | -7.66
3 2 U .3 0.0463 0 .6259 0.6638 0.3513 I n c -37.55 •13.3 -10.37 1 -9.42
2 3 4.76 0.0996 0 .4753 0 .5350 0.6310 i 0.9261 -0.4986 0.191 -0.1 | -0.0416
2 3 7.14 0.0953 0 .4800 0 .5385 0.6353 Ì 0.2053 -0.103 0.337 -0.011 | 0.0448
2 3 14.3 0.063 0 .4880 0.5445 0.6530 1 -1 .456 0.786 0.661 0.207 I 0.258
2 3 23.6 0.109 0.4821 0 .5400 0.7501 1 *2.25 1.194 0.772 0.327 1 0.2601
2.1 3 7.14 0.0103 0 .5030 0 .5613 0.6622 1 0.3610 -0.1005 0.356 -0.111 | -0.065
2.1 3 14.3 0.0737 0 .3113  1 0 .5672 0.6835 ! -0.365 0.545 0.597 0.049 1 0.039
2.1 3 23 .6  ¡0 .1 2 4 2 0 .5072  | 0 .5633 0.7775 1 -0.535 0.3519 | 0 .50 0.005 i 0.0196
MATERIAL
TYPE
THICKNESS IMPACT
ENERGY
I IMPACT 
| DIAMETER 1 *•*« |w i ” ' 4 L ss< I ' -
2.2 5 7.14 |  0.110 0 .5245 ! 0 .5815 1 0.6829 ! 0.9373 1 -0.319 0.3014 -0.279 -0.241
2.2 n 14.3 1 0.073 0 .5337 0 .5 3 7 6 I 0.7023 0.2425 0.036 0.451 -0.2C0 O .I71
2.2 3 23.6 | 0.142 0 .5315 0 .5347 | 0 .7990 12 .1 7 7 -1.026 0.072 ■0.50 -0.50
1 I s 4.76 1 0.041 0.2551 0.2603 1 0.7556 i 4.41 -4.39 -0.99 0.445 0.623
: 5 7.04 0.031 0 .2559 0 .2 6 1 0 1 0.25-18 i 4 .50 -4.95 •1.03 0.4C3 0.59
i 5 14.3 0.0311 0.2532 0 .2626 1 0.2531 1 4.79 -5.15 -1.19 0.329 0 .< :s
i 5 23.6 0.0022 0.2612 0 .2648 I 0 .2513 1 5.743 ■5 795 -3.16 •0.58 -0.26
l 3 | 4 .76 0.0017 0 .2774 0 .2977 | 0.3364 1 14.37 •10.40 -2.74 -0.45 -0.24
l 3 17.14 0.0066 0 .2810 0 .3008 |  0.3361 1 12.81 -9.31 -1.69 -0.09 0.036
i 3 14.3 0.0066 0 .2902 0 .3088 | 0.3583 1 8.150 -6.382 -1.69 -0.092 ! 0.CS6
i 3 1 28.6 0.0176 0 .2993 0 .3 1 7 6 | 0 .3572 I 1.667 -2.20 -0.294 0.427 | 0.564
Table 10.3: Neural N etw ork Prediction  Data.
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! SPECIMEN 
: CODE
SPECIMEN
THICKNESS
IMPACT
HEIGHT
(cm)
IMPACT 
WEIGHT 
(X t)
IMPACT 
ENERGY 
1 «
1*
1
i S ,* AS,* j AS4.* | w  j w *»•1 Kraf 0
(VX,. 1) ) 102 1.4 1 , . . i l i 0 1 <3 i 3 | a 1 0 i 0.29S 0.29 ' 0.355 0.13
(VX, ,2) 3 102 1.4 i *0.3S ■0.3S | 0 | 0 |  0 | 0.29S 0.29 | 0.355 0.13
(VX, .3) 3 102 1.4 | 14.3 ■ 43.35 *0.3S | 0 ¡ 3 1 0 | 0.29S 0.29 ! 3.355 0.13
1 1 l
(VX,.I) > SI 1.4 7.14 1 | -2.0 -2 .0  i 43.! |  .0 ,2  | 43.1 | 0.315 0.315 i 0.315 1 0.12 i n  1
< v x ,.:i > SI 1.4 1 | *23.34 •16.9« | -4.2« | - 0  24 -0.44 ! 0.3IS 0.315 1 0.315 0.12
(V X ,J) 3 SI 1.4 7.14 1 1 -22.54 -11.96 1 -4 .;«  | -3.34 -3.54 | 0.315 0.315 I 3.315 0.12
1 1 1 1 I
( v x , .n * 34 1 1 -0.4 -0 .6  | 43.2 | 0 o 0.34 0.315 ! 3.40 | 0.15
(v x ,.:> 3 34 1.4 1 | *14.0 •10.7 | -2.6 i 0 4 43.3 3.34 0.315 | 0.40 ! 0  *5 1
(VX,.J) J 34 1.4 1 1 -14.4 -11.3 | *2.4 |  -0.4 *0.3 9.34 0.315 1 3.40 | 0.15
1 1 !
3 102 2.1 i 1 1 1 ' 0.25 0.24 i 0.26 | 0.96 j
< v x « .n » 3 1 102 2.1 21« 1 1 1 1 1 0.25 0.2« ! 0.26 | 0.96 |
( v x 4. „ . j ) 3 | 102 2.1 21.« 1 1 j 1 1 |  0.2S 0.24 | 0.2« | 0.96 | 0.92 1
SPECIMEN
CODE
SPECIMEN
THICKNESS
IMPACT
HEICHT
(cm)
IMPACT 
WEICI1T 
IX i)
IMPACT
ENERGY
(lì
“ Al, * **2* AS,* AS,* AS,* ~ '«(
1 '“ h  | *
(V.,.x„l> 5 102 1.4 14.3 ' - 5 . -O il - 0 « •0 31 0.275 o:*j 3)15 0 177 | «141
( v ., .x . ,: i 1 102 1.4 14 3 ♦ 7 :« 7 04 -0.74 0 0 6 - 0 - 0 275 0 3 45 I 3515 0.177 Ì 0 141
1 IOÏ 1.4 I4J 1 -4 :■ -7  42 - o r . ♦ 0 02 4)11 0 275 0 345 3515 0 177 I 3 141 '
| 1
(Vm .I) 5 51 1.35 7.14 1 -0  04 . . . . 4)06 4,16 « 3.27 0 365 3 29 0 97 | 3 91 i
(V.,.21 5 51 1.35 7.14 1 •  ) 66 •0.74 | O 14 -0 3. 0.27 0.3*5 017 ¡ 3  91
|V .,J ) 1 51 1.35 7 14 1 142 -04* | -0Î2 -3 72 0.27 0.3*5 0 *7 | 3 »1
1 | I
1 34 1.35 4.-« I . . . -0.3« -0.14 4  34 0  14 3 345 0345 3 2Ü ON 1 3 .)
lv *,.2) ■ 3* IJ5 . -45 -0.5 -7.) -3 2 0.315 0 345 ! 3 315 3.97 1 0 07
(V.,J) 5 34 4.7« 1 •7J4 . . . .  1 . . . -0  06 -0  06 0.365 . i n •  2.5 0.17 | 0.9)
1 1 1 1 i 1
(V.,„X,,J(„.I) 5 102 2.1 . | 3.25) 0.245 3 37 0.1)7 0 91
(V4|.X ,,J(«J) 5 1 102 21 : .« 1 1 i 3.253 0 245 0 27 3 077 3.1
5 | 102 !.. 1 1 1 0.15) 0.245 027 0.977 I . . .
-  I ■
I ».*«« I a
I » m  ’ s tvt
I a . :«  I a m
i io
i l  I : i  I
Table 10.4: Neural N etwork Training Data ( W.Glass V
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SPECIMEN
COOS
SPECIMEN
THICKNESS
IMPACT
MEJCHT
IMPACT
WDCHT
,lt«J
IMPACT N 
ENERGY ;
(D h
j - h *
'••i W t
i ^
■ 3
j
J :oo 2.» » J 4 ! 1 •4.4» •J 13 1 -17 ->ss i -•  : » 14» 1)4 i : i  l u .  • ;
S » >. S3 4 -IS .» -4.4 1 M l .1.41 .141 14« 1.34 134 131 !
(VS,.)) s m  ! : •21.74 • IS.II 1 -3.1« -1 74 • * 74 14» 134 1.74 134 >31 Î
____________ 1____________ !____ i t i l i ______I
(Mim-.I) • . ■ i - •4.74 . 1  :» 1 — -1 34 »34 13« 111
■Vro«.:) s ■ - 1 • -0 .7 •n.i 1 i t ■5.7 •i.: >:« 0 30 OJO . 1 . 1
(MnenJ) , I -  I - - 4 4 •  I* u ¡ • - :« • I N • i - 131 130 131 ______1
SPECIMEN 
, CODE
SPECIMEN
THICKNESS
IMPACT
HEICHT
(«m)
IMPACT
WEIGHT!
<K()
IMPACT
ENERCY
(i)
* 1 iS ,0 •is.* “ >* 1 4S .1 ^ s ' *•■« 3  1
ISO » 1.2 • -21.44 •1134 -» 24 1 .234 -234 13. •  30 034 0J74 1334
; {Î .0 ,.3) ISO u *2 -44.44 •17.:* 1 -4 14 1JI 130 0 34 0 374 >33*
(S.0..3) ISO 14 •2 40.1 ♦322 -11.4 ! - I J -* 1.21 . 3 . 13« 0 374 >334
(5,0-3)
0..3-.I)
102 u  1 . . . . .
• “ I -  ! * “ * u
1JI “ OJU 0 IOS
(S,0-S,
o ,.o ;.:)
102 21.4 ■- -4 |J2 '  h "
1JI “ 1.3*5 ISOS -
(5,0-3)
0..0..3)
102 i . 2E0 •47.>2 -17.71 j . 0  31 •4  1« “ 131» l i e s 1 77* 1
! i 1 1 ! 1
(S.0,.1) no 21 20.1 1.2 12.» * I U -1 »  1 -0.7 -12 > 20 0.27» 931 0-V4 >741 I
(S-D..2) . . . . 2.1 30.1 1.2 *41.14 •3» <2 ■1772 ! -4.72 ■1 42 1.1 1 27» 0.37 0-14 ».t o  :
(S-0.,3) . no 21 30.1 •74.4» -4432 1 -II.S2 1 -7.42 -172 13» 127» 0)7 0 '14 >.70 !
1 1 1 1 1 ! 1 1 1 1
(t-D-.l) I S 103 1.4 1 14.3 1 M • I . »  1 >134 I -2.3* •0 34 1 « 1.27» 0)3» 1 1*6 > 171 $
(S-0-.3I I S 102 1.4 I4J -3*1* ■ton ! •10.31 ! 0*1 -0 M 1 1 27» 0J3J 3 144 i n :  t
iS-O-J) 1 » 102 :* 14.2 • - •S4.2 ! 1 -IO.» 1 -1 3 - » :  ! >:» 1.27» 0 33S 1 114 : n :  !
Table 10.5: Neural Network training Data ( RIM )
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SPECIMEN
CODE
SPECIMEN
THICKNESS
IMPACT
HEICHT
(cm)
IMPACT
WEIGHT
<1
IMPACT
ENERGY
(J>
AS,* 45.» AS,* AS,* 45,* '■•i 'f4f <rci 3
(S,0,D,.l) 5 170 2 . •7 4 1.2 •2.a »1 53 .0 ,4 ♦o :o »0 10 03a 4 215 0 171 3 37 1 0 3 a  1
!S,o ,d,.2> 5 170 2.S 474 i.: .1 .0  35 .0,35 -o:o .0  1 o o a o:«3 0 171 0.37 ¡ 0.3a  1
(1,0,0-. .3) 3 170 M 47 4 1 O • i .a »1.1 . 0  03 0 0 o s a o :»5 . . . . 0 37 1 o.3a 1
1 1
(1 ,0 ,0 ,.!) J :oo M >5 4 1 IJ .7.73 .4 .1 .0  4 .033 0.45 0.34 . . . 0.743 ¡ 0  315 1
(s ,o ,o ,.:) 1 :oo M >3 4 1 I.S . .4 3 •10.5 -3 9.45 0 34 1.7 0 343 ! 0.213 1
( 5 ,0 ,0 0 ) 5 :oo t s >5 1 1 U •■•a .14.5 . 4 *1» «■•.as 0 45 1 0.34 o:*3 1 0 313 1 j
' SPECIMEN 
, CODE
SPECIMEN
THICKNESS
IMPACT
HEICHT
(cm)
IMPACT
VVEIGHT
(K*J
IMPACT
ENERGY
(1)
» 55 ,* 55,* 5 5 ,» 55,« 55,* '•»» '<4Í w *•’« <•* 9
1 <VXVI) 3 101 1.4 143 1 ■15.43 ♦ 7 64 •5 64 ♦ 1 44 ♦ 034 067 044 1 0.67 4 44 I
(VX,.3) 3 102 1.4 143 1 ♦ 73.13 -41.71 • 10.74 •10 74 -9.7» 0.47 064 1 0 67 0 44 j
(v x ,j ) 3 102 1.4 14.3 1 <154 ♦ 49 46 ♦ 16.46 ♦ 13.44 ♦ 10 14 0 47 0.44 1 067 0«4 I
!
(VX..I) 2 51 1.4 7.14 1 •13.107 ♦ 4.324 ♦ 4 434 ♦ 1.424 ♦ooa 0 47 044 0 45 0.744 0 *33
! (VX,.3) I 51 1.4 7.14 I ♦ 42.152 •35.513 ■9 163 •9 143 4.313 0 47 044 0 43 0714 0 *> 3
1 (VX,J) 3 51 1.4 7.14 1 •75 a» ♦ 42.041 ♦ 13.991 ♦ 10.391 ♦ 1 636 067 044 0 45 0.744 4*53
(v x ,.n 2 1.4 o . 1.2 •24.73 ♦ 11« ♦ 4 64 ♦ 0.30 ♦ 0 44 0615 05 o »a 0 741 0 «06
(VX,.3) 1.4 4 74 ♦ 37.74 •14.24 ■10 34 -4.14 -6.34 0 415 03 o »a 0 745 0 a»
(VX,J) 1.4 4.74 1.2 •43.4» ♦ 13.02 ♦ 7 22 ♦ 7.02 0 615 0.5 o »a 0 741 0 406
(VX,4.0 2 102 3.1 314 1.3 •«.06a ♦ 7 ooa ■0 »73 -0 315 ♦ 0.475 0415 0.5 i.a 0 493 04
(VX,.,3) 3 102 31 1.2 • n . i a •3.5ia •2 o ia •1.705 9 615 0.5 i .a . . . . 0 4
¡VX,.,3) 3 103 2.S 1.3 •27.175 ♦ 14.147 ♦ 3.1475 * 1.93 ♦ 1.95 0 415 0.5 i .a 0.492 0.4
, SPECIMEN
c o o e
SPECIMEN
THICKNESS
IMPACT
HEIGHT
IMPACT
WEICHT
(KO-
IMPACT
ENERCY
(i)
» 55 ,*  J 55 ,* 55 ,* 55 , * 55, « 'l4f •- « .. . T^CÍ 9
.v x ,.u 102 1.4 14.3 I •1.31 ♦ 1.52 ♦ 0.12 -0.02 004 OH) 0 30 0 36 0 475 0 133
(vx ,.:i 102 1.4 143 1 ♦ 1.7 •14 4 ♦ 0.3 ♦ l. l ♦ 0.74 0313 0 30 0 36 0 175 0 133
(VX,J| 1(72 1.4 14 3 1 ■14.24 ♦ 14.32 ■0 II •1.04 ■0.7» 0315 9.30 0.36 0 »75 0 «33
(VX,o.l) 51 1.4 7.14 1 •4.34 ♦ 7.24 ♦ 0.64 ♦ 0.24 ♦ 0.24 0.335 0.295 0 35 0 »57 04.3
(VX,o*2) 51 1.4 7.14 1 ♦ 16.44 •14.02 •1.12 ■0.72 -0.12 0.351 0.291 0 35 0 957 0 14)
(VX,0.3) 51 1.4 7.14 1 ■a.04 ♦ 21.24 ♦ 2.4« ♦ 0 96 ♦ 034 0 331 0 3 3 0.35 0 »37 0 44)
(VX,,.l> 34 1.4 4.76 1 •2.a ♦ 1.31 .044 ♦ 0.14 ♦ 0.11 0311 0.305 0 345 0 915 0.114
(VX,,.3) 34 1.4 476 1 ♦ 27 4 •33.9 ■3.5 • 1.3 *0.1 0315 0 303 0 345 0 »15 0 114
(VX, ,.31 34 1.4 4.76 1 ■a »2 ♦ 24.24 ♦ 3.91 ♦ 0.04 ♦ 004 0.313 1 0 301 0 34, 0.915 0 114
Table 10.5: Neural N etwork Training Data ( REVI ).
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SPECIMEN
CODE
SPECIMEN
THICKNESS
IMPACT
HEIGHT
IMPACT
WE1CHT
-Kü
IMPACT
ENERGY
'.D I "
u ' ‘ h ‘ r
22,ft | -**s* '" I - ^  I ’
I
(VX.4.1) •i 1.« ! 192 14 J ' 1 1 922 4.645 4 It* 4*21 1
(VX,,.2 ) 102 14.2 ■ 1 1 1 . . . . 921 1 4 543 M R 9 *21 1
(VX.. J) n 102 I4J ' 1 1 . . . 023 4 643 4 It* 4 121 !
1 ! 1 1 1
(vx„.n u t 1.« 102 142 I I 1 4 Stl . . . . 9 341 9 154 | 9. *4Î |
(vx,j.a ir» 1.4 102 142 1 I . . . . . 9 »*S 9 134 4*42 1
(VX,,J) 1M 1.4 102 142 i , >-*.1 . . . . 9 445 4.136 4*42 !
1 1 1 1 1
(VX,4.I) H 1.4 » 7.14 I I *21 9213 9 645 9 *47 9 «34 1
(VX, 4.2) 31 1.4 7.14 1.31 4242 4 643 9 147 4 *34 1
(VX.4J> U 1.4 7.14 921 | . . . . 9 445 9 *47 4 154 |
1 1 1
(VX,,..) I t  t 1.4 Il 1 7.14 .3 .  | »2* 1 J.70 4 12* 9.714 |
(v x .,2 ) i t  t 1.4 Il 1 7.14 1 921 | 4.34 | . *  1 4 *2* ».714 |
(VX,,J) l i t 1.4 II 7.14 421 1 .3 4  | 1 012* | ».714 1
i SPECIMEN 
COOS
SPECIMEN
THICKNESS
(mm)
IMPACT
HEIGHT
IMPACT
WEiCHT
(Kt)
IMPACT
ENERGY
(D
* 62,* j AS* *
1
42,S 62,* '•*1 ■- *%.* «ml »
(VX„.I) n 102 2*4 1 i i 0245 0.»U 9 293 | 9 101 3 641 i
(VX.,.2) u 102 2.1 . . . I 9 345 0.41* 9.305 1 9 101 9 441 1
(VX.,JI 5l 102 = . 2*4 1 | ____ !__ 0 345 • * « 1
1 j
(VX,4.11 21 » 102 . . 2.4 • i 02» ! 0 34 »R3 0 715 9 455 |
(VX„.21 3» » .02 2.* . . . . ! 0 3» j 924 9125 0.715 9*55 |
(VX.,J) 3t 1 102 i l 21* , i 02» | »24 9 125 1 0.713
I 1 1 1 |
(VX .^1) J.R 14 1.4 ¡4 -4 ■ i 0205 0.42 3 03 | 9.737 9 613 i
(VX*,.!) 3.R 14 ...  1 . . . I 4205 9 05 i 9.717 9*11 1
(VX*,,!) 3.R >4 : .  | u ! 0.505 9.42 9 MS 0*11 |
1 1 1 1
(VX„.I) 3.R 31 . .. . . . . 1 1 >2« »43 9 645 0.773 9 6*1 1
(VX*,i) 3.R | II 1.4 . . . ! 9.50 »41 9 64) 0.775 9.6*1 |
3.R | 51 .4  | 7.14 ' ! ! i 920 0 43 | 9*45 0.773 | 9 6*1 |
Table 10.6: Neural N etworks Training Data ( GMT )
Chapter 11. ANALYSIS AND DISCUSSION. Page 214.
CHAPTER 11
ANALYSIS AND DISCUSSION
11.1 Introduction.
In  th is  ch ap te r, im ages, plots and  tab les will provide th e  required  evidence to 
firs tly  su p p o rt som e o f the ex isting  NDT techniques a n d  th e ir  findings th rough  
new  m odels, secondly to confirm the valid ity  of th e  novel ideas, theories and  
m a th em atica l m odels p resen ted  through out th is  re sea rch .
11.2 Low Frequency Techniques - Electronic Tap Testing.
(A) Woven Glass
F igure  10.1 shows p lo ts for both the  obtained exp erim en ta l da ta  an d  th e  curve 
fitted  ones based  on practical resu lts  for both 3 m m  and 5 m m  thick 
sam ples.T he plots co rre la tes tim e response (through th e  norm alized response 
factors) w ith  im pact energy.
F rom  th e  plots, th e  following can be deduced:
(1) The g re a te r  effect im pact energy has on the 3 m m  com ponents com pared 
to th e  sam e o rd e r energy applied to 5 mm ones. This enab les the 
d istinc tion  betw een  d ifferent thickness using  th is  m ethod of tim e
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response m easurem ent.
(2) The ch arac te ris tic  curve shape th a t  is un ique to th is  p a r tic u la r  woven 
glass specim en.
(3) A point o f in tersection  betw een 3 m m  and 5 mm curves as th ey  change 
a t  d ifferen t ra te s .
(1) The dam age caused  due to im pact will act as  an  obstacle affecting  the 
propagation  characteristics of an  applied  signal and behaving  as a sub­
s ta tio n  th a t  receives the original signal and  re -tran sm its  it  a f te r  
m odulating  its  am plitude, phase and  tim e duration . (Refer to C h ap te r 6 , 
Sections 6.1  a n d  6.2).
This sp a tia l an d  tem poral m odulation  is a  function of bo th  m ateria l 
p roperties a n d  specimen dim ensions in re la tion  to the im pacto r ones. 
Hence, for th e  sam e im pactor w eight, shape and  size the  tone and 
sharpness o f th e  received feedback ta p  signal th a t  is fed to th e  electronic 
ta p  sensor w ould  be dam ped a t  a ra te  controlled by the  previous factors, 
im pact energy  and  specim en th ickness.
(2) By trac ing  th e  curves in F igure 10.1 we realize th a t  a t  zero impact 
energy (reference undam aged sam ple), the norm alized response is found 
from practical m easurem ents of the electronic tap  in s tru m en t to  be unity. 
As the im pac t energy is applied th e  norm alized response is reduced 
indicating  th e  s ta r t  of the dam age cycle.
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T his reduction  is co nsisten t w ith  equations 6.(14) an d  6.(15) w hich 
include the  tim e delay fac to r td. W hen increased , th e  im pact energy 
ten d s to  have the  genera l effect of changing th e  tone of the  received 
signal such  th a t  a genera l tren d  of reduction  in  the  norm alized response 
in  th e  f irs t h a lf  o f the  cycle is observed as th e  response is th o u g h t to be 
m ain ly  controlled by dam age caused as a re su lt of im pact w ith  negligible 
surface effects. This is also consisten t w ith  equa tions 6.(14) and  6.(15). 
In the  second h a lf  of the  cycle, an  increase is noticed in  th e  norm alized 
response  as the tim e delay  factor td moves from above t ref, t avg tow ards t ref, 
t avg ind ica ting  a red is trib u tio n  of energy and  a  contribu tion  of o th e r 
m echan ism s such as su rface effects in  the process in a w ay th a t  the 
induced tim e delay becom es com parable to th e  reference and  average 
specim en tim e responses. T h is is consisten t w ith  6.(17) an d  6.(20). This 
s a d d le ’ point leads to th e  form ation of w hat we call the  cup function  
w hich causes the  concavity of the response curve to change in  d irection  
an d  sign a t  a specific critical point. T his tu rn in g  po in t is found to be 7.14 
J  for 3 m m  com ponents a n d  14.3 J  for 5 m m  com ponents w ith  both 
curves in te rsec tin g  a t  23.8 J  im pact energy. The low est po in ts in  the 
norm alized  response for bo th  3 mm and  5 mm (tu rn in g  points) and  th e ir  
eq u iva len t im pact energies conform to our expectations.
It is c lear th a t the  effect o f im pact on a  s tru c tu re  is a function th a t  is 
re la ted  directly  th rough  a factor to the  specim en th ickness.
As m entioned  before, both 3 mm a n d  5 mm curves in te rsec t a t  23.8 J  w hich is
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the  s ta r t  of energy levels red is trib u tio n  scheme th a t alm ost e lim inates the  effect 
of com ponent th ickness as th e  curves norm alized response approach each o ther 
before m ak ing  an  increase tow ards unity . As these curves approach  a  u n ity  
value an d  en te r th e  saddle region and  pass a certa in  peak point th e ir  ph ase  and 
am plitude  changes again  u n d e r the combined influence of im pact energy  level, 
th ickness and  the  am o u n t of reversib le or irreversible energy levels a lte ra tio n .
This influence is believed to in itia te  an o th er cycle through which a decrease in 
the  norm alized response  is expected w ith  increasing im pact energy w hich can 
proceed in  two w ays, depending  on m ateria l properties:
(1) R eaching a n o th e r saddle  point and  thereby  s ta rtin g  yet a n o th e r cycle.
(2 ) C ontinue to decrease s tead ily  in  consistence w ith 6.(18) and  6.(21).
For (1) we would expect th a t  a t  a  certa in  saddle point X, and a fte r a  num ber 
of cycles N a su d d en  reduction  in  the norm alized response factor due to 
com plete s tru c tu ra l dam age to be observed. For (2) we an tic ipate  a  sm ooth  
reduction  in  the com ponent in teg rity  bu t w ith in  slow and acceptable ra te s  of 
change. The n u m b er of cycles is a  function of component shape , size, 
m echanical property , im pactor dim ensions, frequency of im pact and its  energy.
However, no t all th e  experim en ta l d a ta  agreed w ith  the derived m ath em atica l 
model as in  the  case of undam aged  (Reference) sam ple w here the in s tru m e n t 
would give a un ity  norm alized response factor a t the  sam e tim e as it gives n e a r
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u n ity  factor for a  dam aged sam ple in  a  saddle region of defection. H ence, our 
m athem atica l model w hich is im plem ented in  the  analysis softw are w ould take 
the electronically m easured  values an d  provide a w ider m arg in  of classification 
and defect/non-defect detection  given a  value of 2 for non-defective sam ples 
while th e  defective one varies  betw een zero and  unity . H ence 6.(16) an d  6.(19) 
are  used  m ainly  for decision m aking.
The flow ch art in  F igure 11.1 illu s tra te s  how the model is used  in  classification. 
(B) G M T
Figure 10.2 illu s tra te s  norm alized response  of th ree  d ifferen t forms o f GMT 
com posite stru c tu res , nam ely:
R a n d o m : The fibre is random ly  o rien ted  w ith in  the  m atrix .
P e r p e n d ic u la r :  The fibre is a t righ t ang les w ith in  the  m atrix .
P a ra l le l :  The fibre is a t zero angle w ith in  the m atrix .
From  the  graph  the  following is observed:
(1) The ability  to d istingu ish  betw een th e  th ree  d ifferent types of com posites 
due to th e ir  responses to im pact energy.
(2) The effect of fibre o rien ta tion  on  the  norm alized response o f such 
m ateria ls.
(3) The evidence of cyclic m echanism  due to the  presence of equilibrium  
points w ith in  the norm alized response spectrum .
(4) The intersection  po in ts a t d ifferen t ra te s  betw een random  and 
perpendicular, parallel s tru c tu ra l responses.
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F ig u re  11.1: Tapping dam age detection system.
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By following th e  th ree  curves from th e ir  s ta r t in g  point a t  un ity  (no dam age) we 
im m ediately  e s tab lish  th a t  a  difference in  frequency and  tim e response (tone 
m odulation) ex is ts  betw een each type of s tru c tu re .
As th e  im pact energy  is applied, a reduction  in  th e  norm alized response is 
recognised. T h is decrease is more m arked  in  th e  case of the  random ly orien ted  
fibres com ponent, followed by the  p ara lle l s tru c tu re  th en  the  perpendicu lar 
sam ples w hich suffers the  least im pact effect for th e  sam e energy and th ickness. 
The firs t cycle com es to an  end w hen th e  cu rves reach th e ir  first saddle point 
a t the  sam e im p ac t energy level (confirm ing th a t  all curves belong to the  sam e 
original com posite) bu t d ifferent am plitude  of response. I t  is observed (F igure
11.2) th a t  GMT com ponents en te r th e ir  equ ilib rium  energy region (td ^  tref) a t  
a m uch lower energy  th a n  woven glass, hence h av in g  a sh o rte r cycle d u ra tion  
w ith  th e  consequences of doubling the  n u m b er o f  cycles for the sam e sam ple 
th ickness and  ran g e  of im pact energies (Table 11.1). This difference in m ateria l 
response betw een  GMT and  woven g lass is accom panied by phase reversal 
which is a fea tu re  th a t is w orth fu rth e r re sea rch  and analysis.
As im pact energy  is fu rth e r increased it  is n o ted  th a t the  curves leave th e ir  
saddle region as t d s ta rts  to increase above t ref, t avg and  en te r a second cycle w ith  
a significant decrease in  th e ir  norm alized response  w ith the  random  response 
in tersec ts  w ith  th e  parallel one a t alm ost h a lf  th e  im pact energy it needed to 
in tersec t w ith  th e  perpendicular response curve w ith  the random  com ponent 
norm alized response changing direction a t  a slow er ra te  th a n  the o ther two due 
to its orig inal h ig h er level of energy s ta te  re s tru c tu rin g  w ith  the para lle l 
com ponents ra te  o f  change as fas test ind ica ting  v e ry  slow energy levels recovery
Chapter 11. ANALYSIS AND DISCUSSION. Page 221.
----------- W . G L A S S
------------ PERPENDICULAR (GMT)
------------PARALLEL (GMT)
\\
V.
V
v .
\ — ■•" ^
10 20 
IMPACT ENERGY (J)
F igure 11.2: Com parison betw een responses of 3mm GM T and W .Glass to 
tapping. (Mean of 30 m easu rem en ts  per point).
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F igure  11.3: Curve fit for figure 11.2.
an d  m a rk e d  dam age compared to the o th e r two types, hence an tic ipating  less 
num bers o f  cycles. The perpendicular specim en is though t to  be the m ost stable 
am ong a ll GM T tested  com ponents due to its  relatively  s tead y  level of sw itching
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MATERIAL. THICKNESS. FIRST TURNING 
POINT.
W OVEN GLASS 3mm 7.14J
W OVEN GLASS 5mm 14.3J
GMT 3mm 7.14J
RIM 2mm None
RIM 3mm None
RIM 5mm N one
Table 11.1: Comparison of composites.! Energy and Thickness).
and phase  and  am plitude  change. For th e  sam e im pact energy spec trum  it is 
observed th a t  as the G M T sam ples reach th e ir  second m inim um  p o in t in the 
second response cycle, w oven glass reaches its  first sadd le  point w hich implies 
a ra tio  of 2 betw een th e  num ber of cycles obtained in  GMT relative to  woven 
glass for the  sam e th ickness, m aking woven glass a m ore reliable m a te ria l to 
use. T he GMT response curves also agrees w ith  the  feedback m athem atica l 
m odel developed in C h a p te r  6 , sections 6.1 & 6.2.
(C) RIM
F igu res 10.3-10.4 illu s tra te  the norm alized response for 2 mm and  5 m m  thick
specim ens.
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From  th e  p lo ts we observe:
(1) The bigger effect im pact h as  on 2 m m  com ponents com pared  to 5 mm 
ones.
(2) The absence of any saddle regions w ith in  th e  response  (2mm case).
(3) The effect th ickness has on th e  response phase.
(4) The effect o f p a in t coating th e  com ponents on the  n o rm alized  response.
For th e  2 m m  com ponents, they  are  noticeably affected in  a s tro n g e r w ay th a n  
th e  5 m m  ones w ith  phase reversal in  the  m edium  p a rt o f th e  im pact energy 
spectrum  and  expected phase reversa l in  the h igh p a r t o f th e  spectrum  if  one 
type of com ponent is not pain ted  or suffered an  harm onic d is to rtio n  in  its  tone 
m odulation . This norm alized response is consisten tly  decreases w ith  increasing  
im pact energy  in a m uch sh a rp e r and  faste r m anner. T h is th ickness effect 
ag rees w ith  the  findings in both woven glass and  GM T cases discussed 
previously.
The phase  ag reem en t betw een the  2 mm and  5 mm norm alized  response in  the 
h igh region of the im pact energy spectrum  w hich is due to  th e  difference in 
th ickness being com pensated by th e  increase in im pact en e rg y  is parallel and 
com parable to the one governing th e  very low p a rt of the  sp ec tru m . This is due 
to p a in tin g  th e  5 m m  sam ples w hich affected th e ir  response a n d  ch aracteristics 
causing  a change in  th e  curve concavity as it converges to w a rd s  its m inim um  
lim it. The para lle l phase is observed a fte r a slower d ec rease  in the 5 mm 
norm alized  response com pared to 2 m m  ones w hich co rresponds to the sam ple
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thickness and u n ifo rm ity  variation in its composition. The previous also ag rees 
w ith the m a th em a tica l model developed in  C h ap te r 6 and discussed ea rlie r in  
P a r t A.
From  th is  analysis we realise the m arked effect covering, pain ting  or clam ping 
can have on the  p h a se  response of a composite stru c tu re . This phenom enon 
needs m uch m ore re sea rch  and analysis to enable both component designers 
and  fau lt finders to be more accurate regard ing  defect detection.Figure 11 .3  
shows a  com parison betw een  the th ree  tap  tested  types of composites, all o f 3 
mm thickness.
0 20 30 4C
IMPACT ENERGY (J)
Figure 11.4: C om parison  between Tap tested  3mm composites. (M ean of 30 
m easu rem en ts  per point).
A lthough all curves e m a n a te  from the sam e point of no-dam age, not far into the  
energy spectrum  before a  clear distinction betw een th em  is established. These
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Figure 11.5: Curve fit for figure 11.4.
observations are  the build ing  block in  th e  software classification system  which 
is tak en  in to  account an d  the type an d  dim ensions of composite te s ted  when 
m aking  a  defective/non-defective decision. The flow chart in F igure 11.6 
i l lu s tra te s  th is  concept.
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STA RT
F ig u re  11.6: The complete tap te s tin g  an d  classification system.
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11-2 High Frequency Techniques: Ultrasonic C-Scan.
(I) Sequential Search Through Classifier 
(ORIGINAL CONTRIBUTION)
(A) Woven Glass
Figure 10.5 show s a seq uen tia l classification of 3mm an d  5m m  woven glass 
com ponents as a function o f im pact energy. Two m ajor aspec ts  of these  plots 
are im m ediately  noticed:
(1) The num ber of em pty  pixel levels betw een an  u n d am ag ed  com ponent and 
dam aged  ones.
(2) The difference in  pixel population p er level as inverse ly  proportional to 
im pact energy.
For (1) i t  is a confirm ation of thickness role in s tru c tu ra l d am age w here in the 
3mm case and  for the  sam e im pact energies a s tronger effect is observed both 
in am plitude of response a n d  the creation  of in te rm ed ia te  levels. (Refer to 
C hap te r 4, Section 4.4 - E nergy  Band Model.) This leads to th e  conclusion th a t 
higher im pact energies a re  needed for the 5mm com ponents to create sim ilar 
levels. These findings also ag ree and correlate to the  observations regard ing  
am plitude, phase and  ra te  of change of tap  response d iscussed  in the previous
section.
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For (2) as the  im p a c t energy is increased , the  pixel population per level is 
reduced and  e ith e r  tran sfe rred  to an  ex isting  occupied one if  the sam ple 
th ickness to im p ac t energy  ratio  is less th a n  a  c e r ta in  factor, say  ft, or pixel 
tra n sfe r  and  c rea tio n  of new  sta tes  are observed if  th e  ra tio  is g rea te r  th a n  ft. 
F igures 11.7-11.9 show  a com parison in  response to im pact energy betw een 
3m m  and  5 mm sam p les  for individual im pact energy levels. From  the plots we 
observe th a t  a t  low im pact energy (4.76J) both 3mm an d  5mm specim en are  
sim ilarly  classified in  am plitude bu t a t  d ifferent levels, w here the  3mm 
com ponent peak v a lu e  is a t  twice th e  level he igh t of th e  5mm one. A gain the 
th ickness factor p lay s its  role. As we move h igher w ith in  the im pact energy 
spectrum , the  d am ag e  in  the  3mm sam ples is noticeably  more th a n  the one in 
the  5m m  sam ples p e r  single im pact w ith  c lear sep a ra tio n  and classification of 
both in the  seq u en tia l spectrum . In te rm ed ia te  levels of energy and  m icrostates 
are  crea ted  w ith in  th e  3m m  com ponents a t  im pact en erg y  of 14.3 J  w hich is 
consisten t w ith th e  find ings in the previous section w h en  the  electronic tap  te s t 
w as em ployed an d  a lso  corresponds to th e  s tru c tu ra l response en te rin g  its  
saddle po in t region w ith  evident co rrelation  to the  th ick n ess  factor.
U sing C-scan and  th e  sequentia l c lassifier we can a lso  d istingu ish  betw een 
norm al im pact d am ag ed  sam ples and  controlled cuts in to  com ponents as show n 
in  F igure 11.10 an d  also  in car w ishbones as com plicated surfaces as illu s tra ted  
in  F igure 11.11. T he sequen tia l classification softw are is used to ex trac t the  
necessary  in fo rm ation  from the converted  C-scan coloured im ages. This 
softw are and  its  app lica tion  to classification of im ages is discussed next in 
conjunction w ith  o u r novel search th rough  technique.
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F igure 11.7: Com parison betw een the response o f  3mm & 5mm 4 .76J dam aged 
W .G lass to C-scan. (M ean of 6 im ages).
F igure 11.8: C om parison betw een the  response o f 3mm &  5mm 7 .14J dam aged 
W .G lass to C-scan. (M ean of 6 im ages).
F igure 11.9: C om parison betw een the  response of 3m m  & 5mm 14.3 J  dam aged 
W .G lass to C-scan. (M ean of 6 im ages).
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F igure 11.10: Com parison betw een th e  effect of a  28.6J im pact and hole on the 
in teg rity  of 5mm W .Glass com ponent. (M ean of 6 im ages).
F igure 11.11: Damage detection in a W.Bone using  C-scan. (M ean of 6 im ages).
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(II) Basic Colour Mixing and Wave Search Through Technique 
(ORIGINAL CONTRIBUTION)
(A) Principles
T he d isab ilities experienced by colour b lind  people show us the biological 
ad v an tag es of colour vision in  detecting  ta rg e ts , in  segregating  the v isual field 
a n d  in identify ing p a rticu la r objects or s ta te s .
I t  is commonly suggested by various au th o rs  [213-218] th a t colour vision serves 
p a rticu la rly  to detect edges betw een eq u ilu m in an t surfaces, surfaces o f the 
sam e lum inance bu t d ifferent chrom aticity , bu t in fact, it  is ra re  in the practical 
w orld for one surface to lie in  fro n t of a n o th e r in  such a way th a t  both have the 
sam e  reflectance, both lie a t th e  sam e angle  to the incident illum ination an d  the 
n e a re r  th row s no shadow  on th e  fu rther. The lum inosity  can vary due  to 
com ponent surfaces lying a t v a ry in g  angles to the illum inan t or having various 
reflectances.
O ne way in  w hich colour a ss is ts  our perception  is th e  shared hue of d ifferent 
e lem en ts in  a  visual a rray . This m ay serve as a basis for perceptual 
segregation  and  so allow the identification  o f an  im age m ade from patches th a t  
v a ry  in lightness. Segregation of the v isu a l field into elem ents th a t belong 
to g e th e r is an  im portan t p re lim inary  to th e  actual recognition of objects. 
C olour m ay also serve to do th e  following:
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(a) It m ay help assign ing  an a lread y  segregated object to a given category.
(b) I t  m ay indicate w h a t lies b en ea th  a given surface.
In  h u m an s, the  th ree classes of re tin a l cone exhibit overlapping spectral 
sensitiv ities, w ith  peak sensitiv ities ly ing  close to 420, 530 and 560 nm  (Figure 
11 . 12 ) .
F igu re  11.12: the  hum an  visual spec tru m  [41],
N otice the  asym m etry  of the  spectral positions of the receptors, th ere  is an 
in te rv a l of 100 nm  betw een the short-w ave and m iddle-wave receptors, but an 
in te rv a l of only 30 nm betw een the m iddle-w ave and long-wave receptors.
The response of any individual receptor obeys th e  principle of univariance; its 
e lectrical response varies only w ith th e  ra te  a t w hich photons are cap tured  by
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th e  o u te r segm ent, and  all th a t  changes w ith  w avelength  is  the probability  th a t  
any  given photon will be absorbed. T hus, if  th e  visual system  is to lea rn  ab o u t 
w avelength , independen tly  of rad iance, i t  m u s t  not only have receptors w ith  
d ifferen t sensitiv ities bu t also the  n eu ra l m ach inery  to m easure th e  re la tiv e  
ra te s  of photon cap tu re  in  d ifferent classes o f  receptors. A lternatively , we can 
alw ays u se  w avelengths outside the scope o f th e  hum an  v isual system  to ca rry  
ou t dam age detection  and  by in term ix ing  o f  the original colours and  th e ir  
w avelength  tran sfo rm  th e  cap tu red  im age to  fit w ith in  the  h u m an  v isu a l 
system s sensitiv ity  range.
(B) T h e  C o lo u r  M a tc h in g  F u n c t io n s .
Colour m atch ing  functions a re  sim ply p lo ts o f  the  relative am ounts of th re e  
p rim ary  lights requ ired  to m atch  m onochrom atic light. In o ther words, for an y  
colour C^, colour m atch ing  functions plot th e  v a lu es  a t R(A0, G< A.) an d  BOO th a t  
sa tisfy  the  expression:
CA = R(A) + G(A.) + B(X) (ALGEPRIC) 11.(1)
W here:
ROO : Red (700 nm)
GOO : G reen (546.1 nm)
B tt)  : Blue (435.8 nm)
1
Ì T ris tim u lu s  V alues (Fig. 11.13 »
1
T h e s tan d a rd  ligh t is m onochrom atic and  so cau ses  dram atica lly  unequal r a te s
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F igure 11.13: The T ristim ulus functions [217].
of abso rp tion  in the  th ree  classes of cone. This can be appreciated  by glancing 
a t the cone spectral sensitiv ity  (F igures 11.14 and 11.15). These unequal ra tes  
of abso rp tio n  cannot be m atched w ith  the  p rim ary  ligh ts (except in  the triv ial 
case w h ere  the w avelength  of the s ta n d a rd  light is th e  sam e as one of the th ree  
p rim aries), and hence to achieve a m atch  the s ta n d a rd  ligh t m u st first be 
d e sa tu ra te d  by m ixing in  one of the p rim aries . Colour transfo rm ation  is carried  
out th ro u g h  m atch ing  functions w hich can be used to  derive tris tim u lu s  values 
for any  sp ec tra l power d istribution , a n d  it is a fact th a t  two colours w ith the 
sam e tr is tim u lu s  values will m atch precisely. This is despite the fact th a t they 
m ay have very  d ifferent spectral pow er distribution .
O ur novel approach to defect detection  using wave search  th rough  varia tion  
techn ique is  illu stra ted  in the following steps:
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F ig u re  11.14: Cone relative sensitiv ity  spectrum  [217].
(1) The cap tu red  im age is allocated a m ap as show n in Figure 11.16.
(2) The m app ing  of the im age takes place before fo rm at conversion as the 
only affected form at w ill be stored in  a sep ara te  file not affecting  the
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Figure 11.16: T h e  Optical Map.
originally stored ones. This m apping and  colour in term ix ing  is based on 
a selection table show n in tab le  11.2.
The logic 0 in  th e  table corresponds to keeping th e  colour value as it  is fixed 
w hile the logic 1 corresponds to th e  one being varied  a t th e  time.
(3) W hen chosen the com bination is used  to produce sep ara te  im ages
each of w hich has a sep ara te  da ta  file th a t  reflects the level of dam age 
in a stru c tu re . This conversion and storage of detected  dam age is 
carried o u t through our im age conversion softw are.
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RED (R) GREEN (G) BLUE (B)
0 0 0
0 0 l
0 1 0
0 1 1
1 0 0
1 0 1
1 1 0
1 1 1
Table 11.2: Colour selection.
(4) U pon conversion of each searched th ro u g h  im age, th e  re su ltin g  d a ta  
files w ill hold the  necessary  da ta  govern ing  the s ta te  of the com ponent 
and  ex ten t o f dam age. This is done in  th e  form o f tab les such  th a t  the 
colour a t logic one will su sta in  a c o n s tan t new v a lu e  th ro u g h o u t the  
new  im age file w hen varied  resu lting  in  th e  com ponent being classified 
as h ea lth y  otherw ise the com ponent m u s t have su ffered  a d am ag e  the 
e x te n t of w hich is correlated  to the change in the  response of each  
single v a ria tio n  of the  logic 1 colour d a ta  file s tru c tu re .
F igures 10.6-10.8 show the  obtained C-scan im ages for th e  5mm w oven glass 
com ponents and  th e  corresponding search  th ro u g h  im ages carried  ou t.
Both th e  in itia l v a ria tio n  search  through tab le  and  the su b seq u en t ones 
serve to e s tab lish  th e  ex ten t of dam age if  it  is seen in th e  original im age and
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h ig h lig h t dam ages th a t  could not be detected from the original scanned  or 
cap tu red  im age. T h is ex ten t of dam age is realised  by establish ing th e  
n u m b er of defective layers p er cap tu red  im age and  the reduction in th e  
n u m b er of bits ho ld ing  the original varied  colour value per da ta  file.
The im ages in  F ig u res  10.6-10.8 are  the  source for the plots employed in 
P a r t (I) and  analyzed  through our novel sequential search  through m atrix - 
colum n classification  which need only be applied to the original cap tu red  
im age w ith o u t th e  need for cyclic colour varia tion . However, the inform ation 
it  p rovides is d iffe ren t in n a tu re  and  application bu t easily  correlated to the 
one provided  by th e  technique described in  th is  part.
F igures 11.17-11.19 illu s tra te  the re la tionsh ip  betw een the original change in 
im age com position (pixel am plitude) and  the ex ten t of dam age (defective 
layers) for 5 m m  com ponents and the  effect of im pact energy level on th e  
n u m b er o f layers an d  defect d iam eter for 5 mm and  3 m m  samples.
as a function of im pact energy in  5mm W .Glass. (M ean of 6 
im ages).
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W .Glass using  C-scan.
F rom  the  plots it  is obvious that:
(1) The num ber of defective layers and hence ex ten t of dam age w ith in  a 
com posite s tru c tu re  is proportional to the im pact energy th ro u g h  a 
power law.
(2) The size of detected dam age is proportional to the applied im pact 
energy an d  follows sim ilar pow er law.
T he previous two m ain poin ts are co rre la ted  in  the sense th a t for the  sam e 
im pactor shape the  la rger the  observed defect size the  higher the dam age 
e x te n t both  la te ra lly  and  vertically. H ence we can hypothesize tha t:
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a n d
Defect diameter D = f  (ET ) 11 . ( 2 )
Number of Defects N = g (D) = g ( f  ( E, ) ) 11.(3)
F ro m  equations (2) and  (3) and  th e  analysis in  Section 11.1 an d  p a r t  (I) of 
th is  section we can deduce th a t  th e  5mm specim en would have less defective 
la y e rs  com pared to the  3mm ones for the sam e range of im pact energies due 
to  th ickness effect.
F ig u re s  10.9-10.10 show a 28.6 J  im pact dam aged  5mm sam ple w ith  a hole 
d rilled  th rough  it obtained th ro u g h  the wave search  through algorithm  w ith  
d a ta  files also included. Two p lo ts  are used  to study  th e  difference and effect 
on th e  specim en, nam ely, a d irec t plot of th e  p a th  the tran sd u ce r followed in  
C -scann ing  th e  com ponent and ch an g e  in d a ta  file pixel am p litu d e  th rough 
w av e  varia tio n  to estab lish  the  level of dam age caused.
F ro m  F igures 11.20-11.21 it  is c le a r  th a t bo th  agree on the b igger dam age 
a n d  reduction  in  the com ponent in teg rity  due  to a cut th rough  th e  sam ple. 
T h e  d irect plot indicates a phase  reversa l w hich is due to change in  m edium , 
w h e re  the search  th rough  in d ica tes  layer effect due to more defective layers 
ap p ea rin g  as a re su lt of im pact w ith  the effect of m edium  change 
n eu tra lised , hence m ore accu ra te  assessm ent.
F ig u re  10.11 illu s tra te s  C-scan im ages for th e  inner and  ou ter p a r ts  of a 
w ishbone w hich was analyzed in  p a r t  (I) of th is  section using th e  m atrix- 
co lum n search  th rough technique.
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Figure 11.20: 5mm W .G lass C-scan o u tp u t signals, the com ponent suffered 
a 28.6 J  im pact and  a drilled  hole.
F igure 11.21: A search  Through Technique applied to the  C -scanned 5mm
W .Glass w ith  28.6 J  im pact dam age and  a hole. (M ean of 6 
images).
( I l l )  T h e  U n ifo rm ity  F a c to r  T e c h n iq u e  (O R IG IN A L 
C O N T R IB U T IO N .
Figures 11.22-11.25 show the effect of im p ac t energy on the  uniform ity of the 
3m m  and  5mm woven g lass sam ples. The uniform ity  factor algorithm  is a
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d irec tional one th a t  helps estab lish  two m ain  aspects o f s tru c tu ra l integrity:
(1) T h e  boundary  of th e  dam age and  size of defect.
(2) T h e  phase p roperties of the induced dam age as a  function of m atrix  
a n d  fibre o rien ta tion  through row, colum n com parison.
The m ath em atica l base the  algorithm  adopts is explained in  C hap ter 8, 
Section 8.4, p a rt A.
3m m  W .Glass using  the  U niform ity  F acto r algorithm .(M ean of 6 
im ages).
from th e  plots we im m ediately  realize the  m arked  effect im pact has on the 
3m m  com ponents com pared to 5mm ones. This becomes clearer as we trace 
the  response  curve as a function of im pact energy.
(A) Row Curves
As the im pact energy is applied, the un ifo rm ity  factor of both categories
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Figure 11.23: Curve fit for figure 11.22.
F igure 11.24: U sing th e  U niform ity F ac to r algorithm  to estab lish  defect level
and orien tation  in  5mm W .G lass th rough C-Scans. (M ean of 6 
images).
decreases in itially  ind icating  a presence o f dam age. Increasing  th e  im pact 
energy causes both types to positively respond  as the defect is scanned from  
w ith in  (we assum e th a t  an isolated defect is  uniform).
F u rth e r  increase in  th e  im pact energy h a s  th e  effect of stead ily  increasing 
the  uniform ity  factor reaction  as the  3m m  com ponents en te r the saddle
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region o f response w ith m ore la te ra l sp read  of dam age while th e  5mm 
sam p les  en te r th e ir  second cycle w ith  th e  uniform ity reduced corresponding 
to the  in troduction  of ano ther layer of contained, localized dam age. (The 
th ick n ess  factor).
(B) Column Curves
The sam e  effect is observed here  w ith  tw o additional im p o rtan t varia tions:
(1) T h e  very large change in un ifo rm ity  factor for the 5mm sam ples as 
th e y  suffer localized dam age (negative response).
(2) T h e  sm oother increase in the 3m m  response as the  com ponents en te r 
th e  saddle region.
Both (1) and  (2) indicate th a t  the m ain  direction  of dam age propagation  and 
sp read  is in  the X-direction (as shown below) as sm ooth increase in  the 3mm 
case ind ica tes m ore in term ediate  energy levels being introduced (refer to
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C h ap te r  4, Section 4.4 a n d  C hapter 6, Section 6.2) while the large decrease 
in  th e  5mm case in d ica tes  th a t its capacity  to w ith stand  h igher im pact 
energ ies before reach ing  a  saddle situ a tio n  w here the curves increase w ith  
uniform ity.
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T he previous ties very w ell w ith the previously used classification techniques 
w ith  the  advan tage  of provid ing  the d irection  of defect propagation.
11.3 Visual Techniques.
(A) Low Temperature
(a) W oven G lass
F ig u res  10.12-10.17 show th e  overall sequen tia l classification for a 3mm and  
5m m  sam ples u sing  an  electronic v isual cam era a t  room tem peratu re . T hree
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d ifferen t incident ligh t levels a t variab le  angles w ere employed in th e  testing  
process. From  the  plots an d  exam ining th e  response we realize the existence 
of dam age due to the  reduction in the  classification value as a  function of 
im pact energy, bu t w ith  no clear d istinc tion  betw een different im pact 
energies.
T his deduction requ ired  th e  use of our m a trix  colum n search  through 
algorithm  to in terrogate  each obtained im age regard ing  effect of im pact 
energy  and th ickness. F igures 11.26-11.28 illu stra te  the search  th rough 
resu lts .
P IXE L  L EV ELS
F igu re  11.26: V isual detection of dam age (4.76J) in W .Glass using M atrix- 
Colum n search  through algorithm . (M ean of 6 images).
A t 4 .76J we recognize the effect of th ickness as th e  5mm suffers less 
dam age, hence possess h igher pixel population  a t  the peak  point. As the 
im pac t energy increased, th e  3mm com ponent s ta r ts  to e n te r  a saddle region 
and  forms in term edia te  energy sta tes  w ith  the 5mm com ponent still holding 
to its  overall in teg rity  w ith the dam age being localized. A t 14.3J the 
s itu a tio n  is reversed as the 3mm con ta in  h igher percentage of pixel
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PIXEL LEVELS
F ig u re  11.27: V isual detection of dam age (7.14-J) in  W.Glass using  M atrix- 
C olum n search through algorithm . (M ean of 6 images).
F igu re  11.28: V isual detection of dam age (14.3-J) in  W.Glass using  M atrix- 
C olum n search  through algorithm .(M ean of 6 im ages).
popu lation  corresponding to the saddle region being  well estab lished  by th is  
stage  w hile the  5m m  is ju s t  s ta rtin g  to en te r its  sad d le  area via in te rm ed ia te  
s ta te s  form ation. This conforms extrem ely well w ith  the tapping  and  C-scan 
re su lts  and  provides ano ther supporting evidence to the models estab lished  
in C h a p te r  4 and  C h ap te r 6.
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Figure 11.29: Effect of im pact energy on the v isua l response of 3mm W .Glass.
F igure 11.30: Effect of im pact energy on the  v isu a l response of 5m m  W .Glass. 
The n a tu re  o f response (shape function) of th is  composite m a te ria l to various 
im pact en erg ies  is illu stra ted  in F igures 11.29-11.30. A clear d irect and 
proportional(corresponding to the low level im pac t energy applied; response 
is observed w h ich  reflects the  optical p roperties of such a com posite under 
the  applied conditions.
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Figures 11.31-11.36 show  the correlation betw een  the v isual and the  C-scan 
te s ts  u s in g  the seq uen tia l search th rough  m atrix-colum n classifier. As 
before a t  4 .76J th e  3m m  component is  more affected by th e  im pact hence 
producing closer responses. As the im pact energy  increased, the 3m m  C-scan 
response approaches th e  v isual one over pixel levels ind icating  the s ta r t  of 
the sadd le  region and  form ation of th e  in te rm ed ia te  energy s ta tes w here the 
response of the 5m m  com ponents show little  sign  of pixel levels tran sfe r. As 
the  im p ac t energy is fu rth e r  increased the 3m m  C-scan response moves away 
from th e  v isual since th e  specim en now has a uniform  sp read  of dam age w ith 
the  5m m  sam ple only suffers an  am plitude reduction  as it  s ta r ts  to en te r  the 
saddle reg ion  w ith  in te rm ed ia te  levels about to  be created  and  the dam age 
up to th is  stage being localized.
F igure 11.31: C orrelation  betw een C-scan & V isual detection of dam age(4.76J) 
in  5m m  W .Glass. (M ean of 6 im ages).
This concept of search  th rough  and  correlation  betw een d ifferen t techniques
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Figure 11.32: C orrelation  of C-scan & Visual detection of dam age (4.76J) in 
3mm W .Glass. (M ean of 6 images).
is a novel and  useful one which is m ade possible by o u r m atrix-colum n 
algorithm .
« X S L  LEVELS
Figure 11.33: C orrelation  betw een C-scan & V isual detection  of dam age 
(7.14J)in 5mm W .Glass. (Mean of 6 im ages).
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Figure 11.34: C orrelation  of C -scan & V isual detection  of dam age (7.14J) in 
3mm W .Glass. (M ean of 6 im ages).
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Figure 11.35: C orrelation  of C -scan & v isual detection  of dam age Q 4 .3J) in 
5mm W .Glass. (M ean of 6 images).
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Figure 11.36: C orrelation of C-scan & V isual detection of dam age (14.3J)in 
3mm W .Glass. (M ean of 6 im ages).
(b) RIM Composites
Im ages obtained for th is type of composite (5mm and  2mm thickness) w ith  
various levels of im pacts. T hese  images w ere obtained using two types of 
our novel w ave search  th ro u g h  technique for defect detection:
(1) O utside-Im age wave v a ria tio n  (O.I.W.V.): V ariation  of the applied light 
source ex ternally  w ith  W.I.W.V. and  W.I.D.C. used for classification.
(2) Inside-Im age wave v a ria tio n  (I.I.W.V.): V ariation  of the cap tured  
im age in te rn a lly  using  developed softw are while keeping the  applied 
ex te rn a l light source co n stan t and em ploying w ith no need for 
W.I.W.V. and  W.I.D.C. to  be used for classification.
F u rth e r  in to  th is  section we w ill employ an o th e r two search th rough
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alg o rith m s for (1), namely:
(1.1) M atrix-C olum n search  through technique (W ithin-Im age Wave 
V aria tion  (W.I.W.V.)). This technique produces a finger p rin t or a
special p a tte rn  of the  captured im age and prepare the  converted d a ta  
file to be used as an  in p u t for N eu ra l Networks.
(1.2) T he uniform ity  factor technique (W ithin-Im age D irectional C lassifier 
(W.I.D.C.)). This algorithm  com plem ent the W.I.W.V. one by producing 
a  surface quality  identification to be correlated  to the  cap tu red  im age 
an d  level of dam age using  N eural N etw orks.
(1) The O.I.W.V. Search through algorithm:
F ig u res  10.18-10.22 show th e  im pact dam age im ages obtained using  th is  
concept. From  th e  d iagram s we realize th e  following m ain points:
(I) T he existence of a defect can read ily  be revealed by cycling th ro u g h  
d ifferen t incident light sources applied  a t  different angles.
(II) T he deep and effective exam ination  o f com ponents composition.
(III) T he effect a change in  any  of the com posite com ponent properties have 
on the selection of the rig h t light source for dam age check.
T hree d ifferen t versions of th e  sam e com ponent im age are  produced u s in g  
th is  technique, nam ely; MB (norm al light), MBL (florescent light), M BLR <
m ix tu re  of MB and  MBL).
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The princip le behind these  im ages is re la ted  to th e  Energy B and Model 
developed ea rlie r in  C hap ter 4 , Section 4.4.
To have a c learer p icture of th e  need to use m ore th a n  one ligh ting  source 
and  its  effect in  in te rroga ting  a  composite com ponent a W.I.W.V. a lgorithm 
is used  a t  two stages. F igures 10.23-10.28 il lu s tra te  the  general response 
and  firs t stage  classification o f th e  im ages in F ig u res  10.18-10.22.
The g rap h s rep resen t the filte red  change in  response  betw een th e  various 
ligh t sources used over five sequences (Sa - S5). T h e  w avelength w as varied  
from Lj to L3 to estab lish  an  op tical window se tu p  function to tra p  and  a rre s t 
the  h idden  im pact dam age defects and  any  surface irregu larities.
The s tep  function formed due to  choice of ligh t source and in te rac tion  w ith  a 
reference sam ple as shown in figu re  11.37.
The conditions associated w ith  F igure  11.37 are:
%Si = 100 for L j = Lj
%Sj = 50 for L j = L 2
% Si = 100 for L j = L 3
From  the  classification m ap an d  the  graphs we rea lize  th a t for a non­
defective com ponents the change in  sequentia l response  is such th a t  moving 
from L, to L3 is a closed path , t h a t  is the  classification  of the  optical response
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F igure 11.37: T h e  Classifying O ptical M ap (COM). (Tables 10.1-10.2).
would be to p ass  h a lf  the first sequence pixels a t  L2 w ith the sum m ation  of 
the  o th e r four sequences equal to 0.5 m ak ing  th e  overall im age of 1.0. 
W ith in  certa in  boundaries, th is applies to a non-defective com ponent. For 
defective ones th re e  changes in  response are  observed:
(1) A closed p a th  is not realized as the  dam age in  the com ponent affects 
th e  response.
(2) The window  function would pass less th a n  h a lf  the pixels in th e  first 
sequence ind icating  the presence of dam age.
(3) The w indow  function would pass m ore th a n  h a lf of the pixels in the 
firs t sequence indicating the presence of both  dam age an d  reflective 
surface (w hite  paint) covering the  dam age.
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However, w e can  still em ploy a  closed p a th  function  to classify th e  obtained 
response, p rese rv in g  th e  overall ch aracteristics.T he th o u g h t of function  is a
CARDOID sh ap ed  function w hich has th e  genera l fo rm at of:
r = a ( 1 -  cos 6 ) 11.(4)
To m ake th is  function w ork for us in  closing the  p a th  of a dam aged 
com ponent y e t preserve th e  level of classification needed  an  a lte rn a tiv e
p ara lle l exp ression  is used. T h is equ ivalen t function  would be:
R = AS; ( [ S A -  Si (Li) ] 11.(5)
w here:
i : 1, 2, 3 ........n-1
Sth : T hreshold  level sequence, 0 < S th < 1
n  : num ber o f sources needed
Li : O ptical source
Em ploying th e  above function  in  classification should  produce a  series of 
curves w ith in  each  o ther as show n in F igure  11.38. The classification curve 
w ould operate  in  a m an n er to sep a ra te  m ain  groups o f dam aged com ponents 
w ith in  each one a  fu rth e r classification  of ind iv idual com ponents.
F igu res 10.29-10.32 illu s tra te  th e  plots covering the  com plete sequence sets 
for th e  genera l sequen tia l classification , second stage  w hich ind icates the 
w ay th e  re s t o f th e  sequence opera tes on th e  cap tu red  im age. This should 
produce an  id e n tity  graph  th a t  can be kep t and  produced w hen fu tu re  tests  
a re  needed to verify  any changes th e  com ponent m ig h t have gone through.
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Figure 11.39 show s the overall sequential classification  of a range of im pact 
energies. We can  easily notice the  classification  and  separa tion  p roperties of 
such an  a lgo rithm  as both dam aged groups a re  p u t  a t e ith e r  side of th e  
healthy  com ponent curve corresponding to two categories:
(1) D am aged components.
(2) D am aged and  pain t coated components (reflective coatings)
This effect of dam age detection and  com ponents segregation is shown in 
F igure 11.40 as a  function of im pact energy. A s th e  energy is increased  the  
response drops slightly  below 50% indicating  a l i t t le  or negligible effect up  to 
an  energy of 14.3 J  where it  in itia tes a climb in th e  response m ean ing  th a t  
s ta r t  of th e  d am age cycle. This cycle should co n tin u e  to increase constan tly  
to a m axim um  o f (100% - e%) w here e% is a v a ria b le  and a function of
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Figure 11.39: V isual dam age detection  in  5mm RIM. (M ean of 6 im ages), 
im pact en e rg y  w ith  inverse proportionality . B u t in stead  i t  peaks a t  42-J th en  
drops to a  very low level a t 47.6 J  as the sam ple is covered w ith  reflective 
p a in t a n d  rises sligh tly  a t 55.6 J  w here  the com ponent w hich is a lso  pain ted  
w ith  reflective p a in t suffers a m ajor crack th a t  re su lts  in p a r t of i t  removed, 
so the  in c rea se  is proportional to th e  a rea  of the sam ple w ith  no p a in t 
covering it .  The overall response agrees well w ith  both low and  h ig h  
frequency analysis previously ca rried  out and  also w ith  equation  (11.5) for 
c lassification .
D ifference betw een m ulti-layered, 5m m  RIM com ponents can  also be 
e s tab lish ed  as seen in  F igures 10.33-10.34, also p lastic  inclusions can  be 
uncovered w ith  th is  technique as show n in F igure 10.35.
F igures 10.36-10.38 illu stra te  the  genera l sequen tia l classification o f  2mm
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F igu re  11.40: Effect of im pact energy on th e  v isual response of 5mm REM. 
RIM  com ponents and  F igure 11.41 shows the  response as a function  of 
im pac t energy. It is clear th a t  im pact h as  m ore effect w hen applied  to 
th in n e r  RIM  com ponents. U p to  14.3 J  th e  curve agreed w ith  a ll o ther 
findings using  low and  high frequency techniques but w hen increased  fu rth er 
th e  response unexpectedly d rops to a very low level.
T h is  could be due to surface roughness of th e  com ponent causing  light 
sca tte rin g , hence reducing  th e  ab ility  to de tec t damage.
F ig u res  11.42-11.44 d em o n stra te  a  com parison between woven g lass and 
RIM  responses to im pact energy  using a de ta iled  sequential classification 
(W.I.W.V.). From  th e  graphs an d  for the sam e th ickness of 5m m  and  the 
sam e  im pact energies, it  is obvious th a t RIM  com ponents are  affected to a 
la rg e r  ex ten t by im pact com pared to woven glass.
T h is  ties well w ith  th e  findings using  low frequency technique in  term s of
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F igure 11.41: Effect of im pact energy on the  v isual response of 2m m  RIM.
the  absence of saddle po in ts in the RIM response and th e  faste r decrease in 
its  response  com pared to woven glass.
F igure 11.42: Com parison betw een the responses of dam aged  (4.76J), 5mm 
thick  RIM & W.Glass. (M ean of 6 images).
F igures 11.45-11.46 illu s tra te  the uniform ity factor for 5m m  RIM 
com ponents. From  the g rap h s we observe the in itia l reduction  of com ponent 
un iform ity  as  an  ind ication  of the presence of dam age followed by increase  in 
its  am p litu d e  due to sp read  of dam age (inside defect search  th rough). As the 
im pact energy  is fu rth e r increased  ano ther layer of dam age is in troduced
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F igure 11.43: C om parison betw een th e  responses of dam aged (7.14J), 5mm 
th ick  RIM & W .Glass. (M ean of 6 im ages).
F igure 11.44: C om parison betw een the  responses of dam aged (14.3J 1, 5mm 
th ic k  RIM & W .Glass. (M ean of 6 im ages).
re su ltin g  in  reduction  in th e  uniform ity  factor.
As it  is a d irectional factor we realize th a t  even th ough  the un iform ity  factor 
can indicate the in troduction  of defective layers, th e  num ber of these  layers 
in troduced and th e ir  effect on th e  composite com ponent in teg rity  can b e tte r  
be stud ied  using th e  o ther version  of search  th rough  algorithm , the  (I.I.W.V.) 
analysis and classification technique as discussed next.
F igures 10.39-10.45 show th e  im ages obtained for th e  previously d iscussed
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Figure 11.47: E ffect of im pact on uniform ity of 5m m  RIM (COLUM N;.
5m m  RIM com ponents using Inside Im age W ave V ariation  technique. From  
th e  produced im ages and the application  of th is novel algorithm  we observe
Chapter 11. ANALYSIS AND DISCUSSION. Page 263.
(1) T he ab ility  to determ ine the  ex ten t of dam age inflicted u p o n  a 
com ponent.
(2) The ability  to estab lish  the am plitude  of energy applied to im pact the  
specim en.
(3) Surface composition can be established.
(4) C orrelation  of dam age detectab ility  to the type of light sou rce  used.
(5) The effect o f angle of im pact on the  re su lting  dam age induced.
F ig u res  11.49-11.54 describe two m ain  aspects of dam age detection:
(A) Effect of im pact energy on the  num ber of defective layers in troduced , 
hence, dam age level an d  propagational characteristics.
(B) The confirm ation and support of the  analysis previously ca rried  out 
u sing  the  O.I.W.V. technique th a t  th rough the righ t choice o f  light 
sources and incident angles h idden  defects can be uncovered w ith  
ab ility  to classify th e ir  dam aging  effect th rough the num ber o f  layers
counted.
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F igure 11.49: Effect of using d ifferen t optical sources and im pact energy (28.6J) 
on detection of dam age level in  5mm RIM component. (M ean of 
6 images)
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F igure 11.50: Effect of application  of sam e im pact energy  (figure 11.49 a t an  
angle on level of dam age induced in 5m m  RIM com ponent u sing  
different optical sources. (M ean of 6 im ages).
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F igure 11.51: E ffect of application of 30 .8 J  im pact energy and  use o f different 
optical sources on the detection  of dam age in 5mm RIM  (refer to 
figure 11.50).
F igure 11.52: Effect of applying 42J im p ac t energy and use of d ifferen t optical 
sources on dam age detection  in 5mm RIM. (M ean of 6 im ages;.
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F ig u re  11.53: Effect of pa in tin g  (reflective coating) a 47.6J im pact dam aged
com ponent on lim iting  the dep th  of detection in 5mm RIM (refer 
to  figure 11.50).
F ig u re  11.54: Effect of increasing  the  im pact energy  (55.6J) w ith p art of the 
com ponent surface ex tracted  due to im pact on depth of detection 
in  5mm reflective pain ted  RIM. (M ean of 6 images).
Also th e  effect of applying the im pact load a t an  estim ated  angle of 45 
deg rees is realized  as changing th e  angle for the  sam e impact energy results
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in  m ore dam age has been introduced w h ich  is s im ilar to a h igher im pact 
energy applied . This is achieved th ro u g h  counting of the num ber of defective 
layers as show n in F igures 11.49-11.50 w h e re  a 28.6 J  im pact energy 
produced 3 defective layers, but w hen ap p lied  a t an  angle produced 5 
defective lay ers  sim ilar to 30.8 J  im pact en e rg y  effect.
The effect o f  reflective pain t is also rea lized  as im pact energies (F igures 
11.53-11.54) a t  m uch higher levels produce sm aller num bers of defective 
layers com pared to lower im pact energies. However, w ith  th is  technique we 
can s till classify  the  component as e ith er defective or non-defective. Also a 
change of th e  response in term s of the ty p e  of light source th a t  reveals the 
existence of dam age is realized w hen th e  com ponent is pain ted .F igures 
11.49-11.54 an d  figure 11.55 illu stra te  two m ain  points.
F igure 11.55: Effect of im pact energy on d am ag e  spread.
(A) The n u m b er of defective layers is a function  of the  applied im pact
energy.
Chapter 11. ANALYSIS AND DISCUSSION. Page 268.
(B) The defect d iam eter is a  function of the num ber of defective layers and 
applied energy.
The above agrees w ith  the  findings of equations (11).2 & (11).3.
(B) High Temperature
(1) Transmission Through High Temperature Visual Imaging.
(a) RIM
F ig u re s  10.46-10.50 show im ages and  plots regard ing  defect detection in  
5m m  sam ples th ro u g h  direct h ea tin g  process (T herm al-v isual imaging).
From  th e se  we observe the  following:
(1) T he ab ility  to  estab lish  th e  effect of various im pact energ ies on the  
in teg rity  of th e  tested  specim en.
(2) T he ab ility  to d istingu ish  betw een low tem p era tu re  a n d  high 
te m p e ra tu re  detected  defects for the sam e im pact energy  th rough  the 
I.I.W .V. technique.
The effect of im pact on such com posites can easily  be seen in  the im ages 
o b ta in ed  for d ifferen t levels of im pact w ith  the sp read  of d am age realized  as 
d a rk  a r e a s  in th e  red  coloured im age. Also the  effect of im pact load angle of 
con tac t w ith  the  specim en and  its  effect on the com ponent in teg rity  can be 
e s ta b lish e d  as show n in F igure 10.46. Figure 11.56 illu s tra te s  the T-m ap for 
defect c lassifier w hich also correlate low tem p era tu re  to h igh  tem p era tu re  
c lassification  w ith  reference to d ifferen t optical sources.The correlation  takes 
the  form  of a ro ta tin g  m athem atica l shape  w ith the  num ber o f sides
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proportional to th e  num ber of optical sources used (in our case a triang le  as 
3 sources (11,12>13) w ere used.).
F igure 11.56: The T-MAP. The range of values corresponds to pixel in tensities.
F igures 11.57-11.66 illu s tra te  the application of the  I.I.W.V. technique w ith 
the  re lev an t defective layers classification plots.
Two im p o rtan t fea tu res  of these im ages are:
(1) More defective layers are uncovered using  th is  approach.
(2) The im ages can be used as tim ing  d iagram s to estab lish  th e  tru e  value 
of im pact energy (including angles of load incidence, figure 11.61-11.63 
& figure 11.66).
The hea tin g  elem ents used  incorporated a far-field in frared  p a r t  th a t 
obviously suffered less reflectance and  sca tte ring  by th e  com posite 
com ponent surface com pared to o ther forms of wave sources. O ne of the
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Figure 11.57: Application of I.I.W.V. to damage detection (28.6J & 42J) in 5mm
RIM tested using high temperature source. (Cycles 1-4).
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Figure 11.58: Application of I.I.W.V.to damage detection (28.6J & 42J) in 5mm
RIM using high temperature source. (Cycles 5-8).
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Figure 11.59: Application of 1.1. W.V. to damage detection (28.6J & 42J) in 5mm
RIM using high temperature source. (Cycles 9-12).
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Figure 11.60: Application of 1.1. W.V. to damage detection (28.6J & 42J) in 5mm
RIM using high temperature source. (Cycles 13-16)
Chapter 11. ANALYSIS AND DISCUSSION. Page 274.
Figure 11.61: A pplication of I.I.W.V. to dam age detection  (28.6 J  & 28.6J
applied at an angle to the normal) in 5mm RIM using high
temperature source. (Cycles 1-4).
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F igure 11.62: A pplication of I.I.W.V. to dam age detection  (28.6 J  & 28.6 J
applied at an angle to the normal) in 5mm RIM using high
temperature source. (Cycles 5-8).
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F igure 11.63: A pplication of I.I.W.V. to d am ag e  detection (28.6 J  & 28.6 J
applied at an angle to the normal) in 5mm RIM using high
temperature source. (Cycles 9-12)
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c ritic a l aspects o f the  I.I.W.V. techn ique is  its  ability  to transfo rm  a  single 
im ag e  to a tim e dependent se t o f im ages such  th a t the  appearance  of dam age 
as a  function of im pact is also a  function of discrete tim e in te rva ls  w hich is 
also  a  function of im pact energy  th a t  contro ls in  co rrelation  to specim en 
th ick n ess , im pactor dim ensions and  com ponent properties th e  num ber of 
defective layers.
B ased  on the previous discussion, we can  now  confidently in troduce w h a t we
can  ca ll the APPEARANCE FU N C TIO N  Ap for I.I.W.V. im ages.T his function
w h ich  is tim e re la ted  is also a function  of im pact energy, hence:
Ap = f  (t, E,) 11.(6)
H ow ever, before we try  to e s tab lish  the  n a tu re  of th is  function  it is helpful to 
d e te rm in e  the  rela tionsh ip  betw een  th e  n u m b er of defective layers detected  
N a n d  im pact energy Ej.
F rom  experim en ta l resu lts  it  is found th a t  th e  num ber of defective layers is 
re la te d  to im pact energy th ro u g h  the  following expression:
N = Ejk U .U )
w h ere  k  is a rea l num ber and 0 < k  < 0.75 for both low an d  high 
te m p e ra tu re  resu lts . However, th is  overall ran g e  is sm oothly divided 
b e tw een  the two techniques such th a t:
N, = Ejk' O s K ,  s 0.5
0.5 s K2 s 0.75
11 . ( 8 )
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F igu re  11.64: C om parison betw een the effect o f 28 .6J and 42J  im pact energies 
on the  level of dam age in 5mm RIM . (Refer to figures 11.57- 
11.60).
F igure  11.65: C om parison betw een the  effect o f 28.6J and 28.6 J  applied  a t an 
angle to the norm al on the level o f dam age in 5mm RIM. (Refer 
to figures 11.61-11.63).
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T his sm ooth tran s itio n  is consisten t w ith  the w aveleng th  spectrum .
Also (8) can  be w ritten  as:
05 k
N, = E  E. '
k,=0
11.(9)
075 k.
Nh = E  ^
kj-0.5
From  equations (9), (2) and (3) and  experim ental d a ta  we obtain:
0.5
D, = E  aE,“ )
k=0
} 0 < a i  i . i -  11.(10)N. Nh
0.75
Dh = E  aEilt >
k=0.5
As the im pacts w ere carried  out a t d ifferent levels o f energy  sep ara te ly  and  
a t  d ifferent po in ts of the composite com ponent a con tinuous describing 
function  is no t applicable or possible hence the  d iscre te  functions derived 
should  be sufficient for the  purpose of th is  research.
(2) High Temperature Pulse Video Infrared Imaging (PVT).
(a) RIM
F igures 10.51 an d  11.66-11.67 illu s tra te  therm ally  p u lse  heated  5m m  RIM 
com ponent an d  its  tim e diagram . The im ages w ere m an ip u la ted  th rough  an
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F igure 11.66: C lassification of dam age in  5m m  RIM im pacted a t  55.6J and 
te s ted  using High T em p era tu re  PVT. (Refer to figure 10.51).
F igu re  11.67: U sing  the uniform ity factor to de tec t dam age in 5m m  RIM
im pacted  a t 55.6J by ev a lu a tin g  ra te  of energy propagation  in 
a High T em perature PVT test.
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PART EXTRACTED
Figure 11.68: M odelling of energy pulse propagation  in  5mm RIM im pacted  at 
55.6 J  w ith p a r t  of the com ponent removed.
U sing o u r  search through algorithm s we w ere able to achieve the following:
(1) T h e  ability to accum ulatively freeze im ages.
(2) T h e  ability to slice th rough  tim e re la ted  im ages (Tim e-back-track i.
(3) T h e  ability to estab lish  the ex ten t of dam age and  com ponent in teg rity  
th ro u g h  the  ra te  of change in pixel population  as a function of tim e.
(1) O n e  of the very im p o rtan t aspects of th is  technique is the ab ility  to 
v isu a lly  see the whole sequence of h ea t wave propagating. T his
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consequently  allows a speedy and accurate a ssessm en t of induced 
defects an d  how  dam aging it is to the  com ponent perform ance.
T hrough experim ental w ork RIM com ponents proved to be very poor in 
holding d ifferen tia l heat. However, one se t of com ponents held  the 
h e a t long enough w ith large bu t fast response com pared to  o ther 
com posites.
T he obtained  response for the  55.6 J  com ponent w hich w as the  only 
RIM  sam ple to respond to high tem p era tu re  pulses is due to a m ajor 
crack  and  p a r t  extraction  ou t of the com ponent. This is seen  in  a 
classification  context in F igure 11.67 w ith  clear sep a ra tio n  of the 
grouped pixel sequences S 1; S2 from S3, S.,, w ith  S5 ac ting  as a source 
o f classification. Refer to C hap te r 8, section 8.4, p a r t  A.
(2) T h is is ca rried  out th rough  an  I.I.W.V. technique w hich allow s us to 
tak e  one frozen im age in tim e and space and  th e n  dissolve the  image 
in to  its  orig inal com ponents and produce a tim e re la ted  descrip tion  of 
dam age classification. This also has the advan tage  of d a ta  com pression 
an d  m em ory saving.
(3) T he ex ten t o f dam age and  the  determ ination  of a  saddle po in t and 
n u m b er of cycles needed to achieve to ta l dam age is re la ted  to the  ra te  
of h e a t wave propagation  th rough  the  com ponent. In the  case of RIM 
w ith  p a r t ex trac ted  a t 55.6 J  it  is found th a t  due to th ickness 
v a ria tio n  th e  h e a t pulse w as detected w ith  the  difference in  th ickness 
ac ting  as a  po ten tia l well of finite depth  and  continuous energy  levels 
w ith in , as show n in Figure 11.68. These levels are  m ade
d iscrete  by slicing  through the  accum ulatively frozen im ages.
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(b) Woven G lass.
F igures 10.51 an d  11.69-11.70 illu s tra te  therm oim aging  tim e dependent 
d iag ram s w ith  th e  classification plot for woven glass com ponent.
From  the  plot i t  is  clear th a t  the  5mm sam ple p re sen ts  a larger opposition to 
pulse d issipation  a t  28.6 J  com pared to a sim ilarly  dam aged  RIM com ponent. 
This is due to th e  following:
Figure 11.69: C lassification  of dam age in  5mm W .G lass im pacted a t  28.6-J 
u s in g  High T em peratu re  PVT. (Refer to figure 10.51).
(1) The value o f im pact energy applied to the com posite component.
(2) The n a tu re  of the m ateria l w hich allows it to h av e  m ultip le slow cycles 
before critical dam age is realized.
(3) The spread  o f dam age throughout the  com ponent due to the  existence 
of w h a t we previously  called saddle region.
(4) The more hom ogenous characteristics of such a com posite which added
Chapter 11. ANALYSIS AND DISCUSSION. Page 284.
F igure  11.70: A pplication of the un ifo rm ity  factor to detect dam age in  5mm 
W .Glass im pacted  a t 28.6 J  by evaluating  the ra te  of energy pulse 
propagation  in  High T em p era tu re  PVT test.
to its  s tro n g er m echanical p roperties.
(c) GMT.
F igu res 10.52 a n d  11.71-11.74 show im ages an d  pixels classification 
p lo ts for GMT com ponents. These w ere th e  m ost responsive to th is  type of 
test.
From  the  plots w e notice th e  following:
(1) The correlation  betw een the  ra te  of d issipation  of the h ea t wave to 
both level o f im pact and  fibre o rien ta tio n  w here perpend icu lar fibres 
showed a b e tte r  characteristic  th a n  p a ra lle l ones.
(2) The conform ation of cyclic response w ith in  the GMT s tru c tu re  to 
im pact energies.
The la rg e r effect an  im pact has on GM T com ponents com pared to(3)
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F igu re  11.71: C lassification of dam age in perpend icu lar 3mm GMT im pacted
a t  14.3 J  and tested  using  High T em peratu re  PVT. (R efer to 
figure 10.52).
F igure  11.72: A pplication of the uniform ity factor to dam age detection  in
perpendicular 3mm GMT im pacted a t  14.3J using H.T.P.V.T. test. 
(M ean of 6 images).
w oven glass ones.
F igu res 10.53 and 11.75-11.76 illu s tra te  therm oim aging  resu lts  of a
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F igure 11.73: C lassification of d am age in 3mm parallel GMT im p ac ted  a t 14.3 J  
and  tested  using H igh T em peratu re  PVT. (Refer to figure 10.52).
2.5 5.0 7.5 10.0 Ì 2 J
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F igure 11.74: Application of the un ifo rm ity  factor to dam age de tec tion  in 3mm 
paralle l GMT im pacted  a t 14.3 J  using H.T.P.V.T. te s t . (M ean of 
6 im ages)
w ishbone. F rom  the plots we realize  th a t  the dam age in  the  com ponent is
m ore m arked  in  the vertical d irection .
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F igure 11.75: C lassification of dam age in  W.Bone using  H igh T em perature  
PVT. (M ean of 6 images).
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Figure 11.76: A pplication of th e  uniform ity  factor to dam age detection in 
W.Bone using  ra te  of energy pulse propagation  in  High 
T em peratu re  PVT test. (M ean of 6 images).
From  the  previous discussion we can deduce the  following regard ing  High 
T em p era tu re  PVT tests:
(1) The very h igh speed a t  w hich a h ea tin g  pulse d issipates in  a RIM
com ponent and  W oven G lass reaches a steady  s ta te  com pared to GMT
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even w hen pain ted  w ith  absorbing b lack  pain t.
(2) A fu r th e r  proof th a t  woven glass is m ore resistive to  im pacts th a n  
GM T or RIM m ate ria ls  as it goes th ro u g h  slow vary ing  cycles.
(3) P erp en d icu la r GMT possess b e tte r  m echanical p roperties com pared to 
p a ra lle l GMT for th e  sam e im pact energy  levels. T his is noticed in  the 
s tead y  change w ith  tim e for th e  perpend icu la r an d  longer changing 
cycles com pared to th e  sho rt fa s t chang ing  ones for the  paralle l 
com ponents.
(4) T he ideal uniform ity  response for tim e  re la ted  applications w hen a 
defect is p resen t is to  in itially  decrease ind icating  th e  presence of 
defect th en  s ta r t  to increase as the  h e a t  pulse d issipates, re tu rn in g  the 
cap tu red  im age to a non-defective com position in  appearance.
(3) Low Temperature Pulse Video Thermoimaging ( LTPVT )■
( ORIGINAL CONTRIBUTION ).
Since th e  tem p era tu re  d ifferen tia l betw een im pact dam aged  regions and 
h ea lth y  ones w ith in  the  sam e composite com ponent (RIM, Woven G lassi is 
no t de tectab le  a t  h igh tem p era tu res  (fast p u lses w ith  h igh  power in  th e  KW 
range) according to th is  research  findings an d  considering th e  obtained 
im ages from  the  o ther two techniques nam ely:
(i) V isual (low tem p era tu re) detection.
(ii) V isual (high tem p era tu re) detection.
we concluded th a t  a su itab le  detection system  should con ta in  a low energy 
ligh t source w ith  a  sensitive therm oim aging cam era  as a sensing  receiver.
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T his th eo ry  which is also based on w h a t we call th e  SATURATION or 
FLO O D IN G  effect w as pu t to th e  te s t by using  tw o low energy optical 
sources; one a t  75 W atts  and  the  o ther a t 250 W atts . The cause behind the 
use of m ore th an  one source w ith  d ifferent pow er is to allow for the energy 
pulse  to p ropagate  a t  controlled variab le tim es hence allowing us to choose 
th e  op tim um  source for dam age detection. It is noticed  here  th a t the  h ighest 
source o f energy used  in  th is  se t of experim en ts is  8 tim es less in power 
com pared  to the ones used in  th e  previous experim en ts involving 
th erm oim ag ing  te s ts  by us and  o ther re sea rch ers(re fe r to chap ter 7,7.2).
The very  sam e com ponents used  in  the  previous H igh T em peratu re  PVT 
te s ts  a t  AEA, H arw ell were subjected to low tem p era tu re  scanning  a t  our 
lab o ra to rie s  w ith  an  AGEMA 870 therm oim ag ing  cam era employed as a 
detector. The im pact dam age which failed to uncover itse lf in  m ost RIM  and  
W oven G lass  sam ples could not re s is t th e  te m p ta tio n  of our new technique 
and  hence  fully exposed itself.
The re su ltin g  im ages contained d a rk  a reas  (cold spots) proportional in  size to 
the  ap p lied  im pact energy and  angle of load app lica tion  w hen the heating  
pulse is app lied  a t th e  first in stance , th en  ap p e a rin g  as b rig h t areas (hot 
spots) a f te r  a certa in  length  of tim e dt, hence , o p era ting  as both hea t 
re s is tan ce  a reas  and h ea t storage points w ith in  a  dam aged stru c tu re , thu s 
in troduc ing  a tim e delay  factor of h ea t p ropagation . These findings agree 
w ith  th e  genera l characteristics of equations 7.(3) and 7.(4) regard ing  heat 
flux an d  i ts  propagation.
F igures 11.77-11.83 show some of the obtained im ages using th is new
concept.
Chapter 11 ANALYSIS AND DISCUSSION. Page 290.
Figure 11.77: Low Temperature PVT applied to an undamaged 5mm RIM
component with two different thermal ranges.
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Figure 11.78: Low Temperature PVT applied to 5mm RIM impacted at 42J and
tested at two thermal ranges after coating with absorbing paint.
Chapter 11. ANALYSIS AND DISCUSSION. Page 292.
F igure  11.79: Low T em peratu re  PVT applied  to 5mm RIM  im pacted  a t  both
28.6 J  and  4 2 J  w ith the  sam ple black p ain ted . Notice the  larger 
size of the cold spot in proportion  to h igher im p ac t energy (42J).
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7.4 Fast Classification and Parameters Prediction
(I) D e c is io n  M a k in g
Tables 10.1 and 10.2 p resen t an  on line decision d a ta  ob ta ined  on th e  
condition and  ex ten t o f dam age of tested  woven g lass and  RIM  com ponents 
subjected to various levels of im pact energies as d iscussed  in  the  previous 
sections.
These tru th  tab les a re  based on the non-destructive te s tin g  techn iques 
applied  w ith  the  s m a r t  classification and  N eural N etw orks em ployed for 
analysis  and  in te rp re ta tio n . The tables also account for th e  proposed c rite ria  
in  C h ap te r 8 (equa tions 18, 19 and  F igure 8.14) an d  both th e  optical m ap 
classification  (F igure 11.37) and  equation  5 in  the  previous section.
From  th e  im age decision  tables we realize th a t  both  woven g lass an d  RIM 
m ate ria ls  have s im ila r  decision p a tte rn s  w ith  1 = N on-defective and 0 = 
Defective. The decision  m aking  follows a m odula ted  step  function  opera ting  
w ith in  specified boun d aries  such th a t the  re su ltin g  t ru th  tab le s  are  s im ila r 
w ith  th e  decision m ad e  on different m ateria ls  accounting for m a te ria l type 
and  quality .H ence, for fa s t classification, th e  finger p rin ts  of th e  te s ted  
specim en is rep re sen ted  as a sequence of five variab les (see C h ap te r 8, 
section 8.4) w hich is averaged  ou t and  a th resho ld  is applied  to ob tain  a 
Yes/No answ er re g a rd in g  the  existence of dam age w ith in  a m a te ria l.
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Figure 11.80: Low Temperature PVT applied to 5mm RIM impacted at 28.6J
with the load applied at angle.Two thermal ranges.
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F igu re  11.81: Low T em p era tu re  PVT applied  to 5mm RIM im pacted  a t  28.6J.

Chapter 11. ANALYSIS AND DISCUSSION. Page 297.
Figure 11.83: Low tem p era tu re  applied to 5m m  W .G lass im pacted  a t  28.6J.
(II) Effect of Thickness on Material Response to Impacts
Figures 11.84-11.91 show th e  norm alized response factor of RIM m a te ria l 
com ponents to various im pact energies and  sam ple th icknesses as predicted  
by the N eural N etw ork softw are. From  the  plots we notice the following:
(1) The existence of sadd le  regions (dynam ic equilib rium ) w ith in  the 
response a t th ickness above 2mm.
(2) The evidence of cyclic behaviour w ith  the  leng th  of cycles found to be a 
function of specim en th ickness. The average co rre la tin g  factor 
betw een cycles leng th  and  specim en th ickness is found to be 2.6 for 
the  first cycle followed by an increase of a  factor of 4 for the  rem ain ing
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cycles of response.
IM P A C T  E N E R G Y  ¡J)
F ig u re  11.84: N eura l N etw orks prediction  o f the  effect of im pact energy on th e  
norm alized response of 5m m  RIM. (Complete cycle). (M ean of 30 
points).
F igu re  11.85: N eura l N etw ork prediction of effect of im pact energy on the 
norm alized response of 5m m  RIM. (first cycle). (M ean of 30 
points)
F ig u re  11.92 illu s tra te s  th e  pow er law  behav iour of sw itching points betw een
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F igure  11.86: N eura l Network prediction of effect of im pact energy on the
norm alized response of 5m m  RIM.(Second cycle ). (M ean of 30 
points).
F igure  11.87: N eura l Network prediction of effect of im pact energy on the  
norm alized response of 5m m  RIM. (Third cycle). (M ean o f 30 
points).
response cycles as a function of sam ple th ickness. As shown, the energy  
level needed  for such sw itching is proportional to the thickness.
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F ig u re  11.88: N eural N etw ork prediction  of effect of im pact energy on the
norm alized response  of 8mm RIM. (Com plete cycle). (M ean of 30 
points).
F ig u re  11.89: N eural Netw ork prediction  of effect of im pact energy on the 
norm alized response of 8mm R IM .(First cycle). (M ean of 30 
points).
The n u m b er of sw itching points w ith in  a response spectrum  is th o u g h t to be 
inv erse ly  re la ted  to sam ple th ick n ess  as the leng th  of a cycle per spectrum
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Figure 11.90: N eu ra l N etw ork prediction of effect of im pact energy on the
norm alized response of 11mm RIM. (Complete cycle). (M ean of 30 
points).
F igure 11.91: N eu ra l N etw ork of effect of effect of im pact energy on the
norm alized response of 11mm RIM. (F irs t cycle). (M ean of 30 
points).
increases. Also from the plots we conclude th a t  increasing im pact energy
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level h a s  the  effect o f degrading the  te s ted  specim en m echanical and optical 
p roperties and  reducing  its  integrity .
(Ill) Prediction and Correlation of Data
T able 10.3 contains predicted  d a ta  for th e  th ree  types of m ateria l tested . 
T his p red iction  consists o f two parts:
(1) E stim ation  of lost and  distorted  d a ta .
(2) E stim atio n  of ex isting  pa ram ete rs  u n d er d ifferen t boundary 
conditions. The d a ta  in Table 10.3 is based on figures presen ted  in 
T ables 10.4, 10.5 an d  10.6.
The obta ined  re su lts  also correlate various sensing  devices and the ir 
expected  ou tp u t response w hen applied to  dam aged  com posite struc tu res. 
T his is  a very useful fea tu re  th a t the  N eu ra l N etw orks provide which 
e lim in a tes  the  need  to m ulti-sensor te s tin g  as  necessary  inform ation 
reg a rd in g  com ponent in teg rity  can be ob tained  th rough  prediction. The 
e stab lish ed  netw ork  can also d istingu ish  betw een d ifferen t tested  m ateria ls  
th ro u g h  encoding. In  our case the codes are:
1: W oven G lass
2: R andom  GMT
2.1: P erp en d icu la r GMT
2.2: P ara lle l GMT
3: RIM
4: RIM  w ith  w hite  coating
U sing  th e  above, a com plex but easily  tra in e d  netw ork is formed w hich 
re la te s  various m a te ria l types, im pact energ ies and  th icknesses. This is very
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h a rd  to achieve norm ally  when trad itional analy tica l algorithm s are  
em ployed.
(IV) Neural Networks and Aspects of Design
H aving  te s ted  a large num ber of sam ples, designed  and  tra in ed  an  
ap p ro p ria te  netw ork  w ith  optimum hidden layers and obtained d a ta  for the 
sam e m ate ria l bu t w ith  different shape, th ick n ess , w orking conditions. O ther 
load ing  p a ram e te rs  can be achieved th ro u g h  prediction. This enables an  
in terface  betw een a com puter designed an d  te s ted  s tru c tu re  (finite elem ent 
analysis) and  a production line. Hence a c h eap  and effective way to modify 
s tru c tu ra l and  o ther param eters even before th e  com ponent is bu ilt and  
tested .
F igure  11.92: R elationship  between th resh o ld  im pact dam age energy and  
com ponent thickness. (M ean o f  30 points).
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CHAPTER 12 
CONCLUSIONS
The objective of th is  research  w as to estab lish  a prom ising NDT technique w ith  
a p p ro p ria te  analysis and  in te rp re tin g  algorithm s to  enable us to p ractically  and  
econom ically in te rro g a te  composite s tru c tu re s  ab o u t existing  dam age an d  to 
project th e  findings to cover com ponent fitness an d  life cycle u n d e r d ifferent 
o p e ra tin g  conditions before, during  an d  a fte r m an u fac tu rin g  process.
A fter im p lem en tin g  various techniques (low frequency, u ltrason ics, v isual 
im aging, therm ography), modifying som e (visual an d  therm oim aging) and  
developing  our own (IR a rra y  system ), it  is concluded th a t  the  m ost prom ising 
tech n iq u e  is Low T em peratu re  Therm oim aging ( i t  e lim inates th e  
SATURATION effect ) w ith  wave v a ria tio n  facilities ( it  revels th e  ex ten t of 
dam age ) an d  sm a rt classification ( for fas t YES/NO decision ) supported  by 
n eu ra l ne tw o rk s as analy tical and  prediction  algorithm s. These a lgorithm s can 
also be app lied  to o ther NDT techniques to im prove th e ir  classification  capacity.
W ith th e  ab ility  of such algorithm s to correlate various NDT techniques, the  
n ecessary  p a ram e te rs  of any com posite com ponent can  now be ob tained  w ithout 
the  need  to  use m ore th a n  one NDT technique for te s tin g  as th e  rest can be 
p red icted  th ro u g h  associative m ethods perform ed by th e  N eural N etw orks. T his 
is a very  usefu l fea tu re  if  used together w ith  the h a n d  held tap p in g  device can 
provide a cheap, fas t and accura te  dam age finder.
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Also the  following is concluded:
(1) A proportional pow er law  re la tionsh ip  betw een  the  com posite th ickness and 
its  th resh o ld  energy (energy above w hich  a com ponent begins to suffer 
m easu rab le  dam age, equations 11.(7), 11.(8) and  11.(9)).
(2) F ib re  o rien ta tio n  h as  a  m arked  effect on th e  com posite response to im pacts 
such  th a t a  perpend icu la r GMT suffers less dam age com pared  to para lle l or 
random  G M T and  W OVEN GLASS proved to be the  leas t affected by sim ilar 
im pact levels applied  to both RIM an d  GMT.
(3) A re la tio n sh ip  does ex ist betw een the  am o u n t of h e a t applied  to a composite 
s tru c tu re  a n d  the level of detectable im pac t dam age.
(4) T he am oun t of applied h e a t to a  com posite com ponent th a t  lead s to dam age 
detection  is a  function of the  com ponent th ickness.
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CHAPTER 13
IMPROVEMENTS, DEVELOPMENTS AND FUTURE
WORK.
13.1 Introduction.
T hree m ain  a reas  of th is  research  a re  a lready  u n d er fu r th e r  investigation . 
T hese are:
(1) T he process of in troducing im pact defects.
(2) A nalysis, in te rp re ta tio n  and p resen ta tion  of da ta .
(3) P ractica l and  economical considerations regard ing  sensing  devices; then- 
size, speed of detection, reliability , versa tility  an d  adap tab ility .
In  th is  ch ap te r we will pay particu la r a tten tion  to (1) a n d  (3) since we have 
a lread y  discussed in  details d a ta  analysis and advanced  in te rp re ta tio n  
techn iques in  C hap te r 8.
13.2 The Impact Damage Process
F igures 9.1-9.2 in  C h ap te r 9 illu stra ted  the used system  to  carry ou t the  task  
of com posite dam age a t  various energy levels. From th e  d iagram s, it is clear 
th a t  th is  im pacting system  suffers from lack of accuracy , consistency and 
reliab ility .F igure  (13.1) shows a proposed system  w hich could elim inate  some 
of th e  draw backs th a t  th e  previous system  suffers from.
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The system  adopts two types o f sensors:
(1) S tre ss  (friction) sensors
(2) Im pact level sensor
A piezo-rubber sh e e t and cables can be u sed  to im plem ent th e  above functions 
hereby  lead ing  to th e  following:
(a) E stab lish in g  th e  lost energy during  w eight travel an d  up to th e  point of 
im pact.
(b) D eterm in ing  th e  exact im pact energy  level w ith  correlation  to height.
(c) C h arac te riza tio n  of th e  m an n er an  im pact travels  th rough  a com posite 
com ponent in  correlation to com ponent s tru c tu re  an d  design.
(d) D eterm in ing  th e  effect of boundary  conditions on th e  level of dam age 
induced  in  a com ponent (e.g. clam ping).
T he above is achieved through d ifferent levels of com plexity and expense. A 
sim ple portab le  system  which in terfaces to  oscilloscope th ro u g h  am plification 
circu its can  be u tilised  a t a very  sm all cost.
H ow ever, a m ore expensive com puterized system , bu t w ith in  acceptable lim its, 
can  also be im plem ented  th rough  an  analogue-to-digital conversion m echanism  
an d  softw are sam pling  system . Hence, a com prom ise can be achieved by using 
a hand-held  d a ta  logger for d a ta  reg is tra tio n  and  storage for fu rth e r analysis.
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13.3 Practical and Economical Considerations.
Size and  cost a re  im p o rtan t variab les for a  versatile , speedy ex am in a tio n  and 
on-line detection  of m an u fac tu red  com ponents. Two areas o f  NDT th a t  w ere 
em ployed in  th is  re sea rch  are developed as  follows:
(A) Low frequency tapping technique.
T he used hand-held  device p resen ted  in C hap te r 6 suffered from  the  following:
(1) As it  is a h an d -h e ld  device, the m easured  d a ta  is g rea tly  affected by the 
operator.
(2) The d a ta  fo rm at is such  th a t  an o th er softw are is n eeded  to  obtain 
g raphical rep re sen ta tio n  of frequency and tim e response b u t n o t in  rea l­
tim e.
F ig u re  13.2 illu s tra te s  th e  new device th a t  e lim inates the above and  provides 
th e  following:
(1) O n-line colour dot d isp lay  of defects th rough sm ooth scanning .
(2) B ird’s eye view  d isp lay  by calcu lating  the m easuring  d a ta .
(3) The use of robotic arm  to carry  out th e  scanning.
(4) Colour tilin g  d isp lay  by calcu lating  th e  m easuring  d a ta .
(5) The ab ility  to in terface  th e  m easured  d a ta  to o ther d a ta  bases.
T he colour d isp lay  facility  of im ages of defects ties very well w ith  o u r im age 
in te rp re ta tio n  system  d iscussed  in  C hap te rs 8 and 11 and conform  to our
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Figure 13.2: An accurate electronic tapping device.
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proposal in  C h ap te r 1 of un ify ing  da ta  p resen ta tio n  in  the  form of im ages. The 
use  of artific ia l arm  under com puter control helps to en te r an d  exam ine 
aw kw ard  places w ithou t r isk in g  the safety  of the operator.
F igure  13.3 illu s tra te s  the  type of im ages possibly ob tained  using  th e  u p d a ted  
version.
(B) Visual and Infrared Optical Detection Techniques.
In C h ap te r  7 in fra red  and  in fra red  therm oim aging  concepts were d iscussed  in  
deta il. In  th is  research  both near-field  an d  far-field IR  techniques w ere used  
w ith  video and  th e rm al cam eras as detection  sensors producing im ages th a t  can  
be m an ip u la ted  by our search th rough  techniques. In C h ap te r 11 we concluded 
th a t  h igh  tem p era tu re  IR system s are no t ideal to te s t  RIM and  w oven g lass 
com posites w ith  low energy im pact dam age. In add ition  the h igh  cost of a 
therm oim aging  cam era and  pu lse  h ea tin g  system  w ith  its  bulky size can be a 
d isadvan tage  w hen aw kw ard places a re  to  be exam ined.
The previous prom pted  us to do two th ings:
(a) To develop and  apply the  concept of Low T em p era tu re  PVT as d iscussed  
in  ch ap te r 11.
(b) To develop a portable, cheap , detector a rra y  th a t  is sim ple enough to use 
b u t accura te  and can in terface  any form  of optical detectors to a po rtab le  
com puter or d a ta  logger. I t  is  also th o u g h t to be ab le to im plem ent an
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alte rn a tiv e  concept in  th e rm a l im aging by sim u ltaneously  h ea tin g  the 
com ponent and applying th e  a rray  system  for IR transm issio n  and  
detection, as a d ifferen tial in  tem p era tu re  w ith in  the m a te ria l will 
affect its  response. Also, s tre ss  p a tte rn s  can be estab lished  w hen the  
com ponent is v ibrated  w hile  IR a rra y  system  is used to  check its  
in tegrity . This system  is a t  its  first stage o f developm ent, a detailed  
report and  discussion of its  operation  is availab le , ( repo rt No: M I.IR .l- 
1995-ATC ).
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